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ABSTRACT
The present work is concerned with improvements in the sintering 
properties of Tungsten*
Two methods of "activation sintering" a re  studied, halogen 
activation and metallic activation*
An example of the f irs t is the use of hydrogen and bromine as
sintering atmosphere* No significant increase in densification
was noted, except for a moderate improvement at tem peratures around
1400°C* However, some beneficial effects were observed,
notably in the rounded shape of the pores and in lowering the
oxygen content* This led to an improvement in mechanical properties*
Metallic activation, mainly provided by nickel and palladium salts 
led to high densities at a sintering tem perature of 1100°C but was 
accompanied by increased brittleness*
This undesirable feature could be in p art offset by controlling the 
amount of metallic activator and by some suitable subsequent heat- 
treatm ent.
The two types of processes have been discussed seperately, some 
appropriate mechanisms a re  proposed to explain the resu lts 
observed, and the theoretical implications are  considered*
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1 INTRODUCTION
Performance requirements for m aterials at elevated tem peratures
have drawn increasing attention to tungsten, which re s is ts  melting
oup to approximately 34GG C, and has the highest melting point of 
any of the m etallic elements.
Powder metallurgy is  the accepted method of fabricating tungsten
products. Standard commercial practice involves three major steps,
namely pressing, presintering, and sintering. Normally compact
are  presintered for abour an hour at a  tem perature around 1100°C,
to give the *as pressed* product enough strength to be handled when
transferring it into the sintering furnace. Sintering is  accomplished
oby raising the tem perature to about 3100 C, usually by passing a high
(1)current directly through the presintered b a r.
One of the main drawbacks to this technique is  the very high tem perature 
required to obtain an acceptable density. Apart from  processing 
and equipment difficulties, a relatively coarse grain structure is  
inevitably obtained, and the as-sin tered  bar is  very brittle  at room 
tem perature. Brittleness is  also associated with the interstitial 
impurity content. Although there is  still no full understanding of the 
cause of low tem perature brittleness in BCC m etals it is  well
17
established that a  reduction of the in terstitial content lowers the 
brittle-ductile transition tem perature and high sintering tem peratures 
tend to increase contamination.
The central problem in most powder technological operations is 
that of sintering. This may be defined as the coalescence of particles 
below the melting point of the base m ateria l.
In sintering, the transport of atoms occurs by various diffusion 
mechanisms. If environmental conditions provide an additional 
mechanism for the transport of atoms o r increase the normal diffusion 
ra te , and so accelerate densification of the powder compact, the 
sintering is  said to be activated, and the process described as 
‘activation sintering*. Activation sintering is the Only method of 
obtaining simultaneously a reduction of both sintering tem perature 
and tim e, and in addition a possible increase in the ultimate attainable 
density, and hence improvement in mechanical properties of the *as 
sintered* product.
18
2 LITERATURE SURVEY 
2 . 1 ACTIVATION SINTERING
Numerous references a re  to be found in the scientific, technical 
and patent litera ture  on the effects of activation techniques. Although 
most of them appear to be applicable, relatively few methods have 
been applied to the sintering of powders.
According to the nature of the phase responsible for the acceleration 
of the process the various methods can be considered a s  gaseous, 
liquid, and solid phase activated processes.
2. 1. 1 Gaseous Activation
This process is  based on a reversible reaction between the metal 
and the active constituent of the environment, Typical reactions a re  
of the form:
Me 4" X —£■». MeX
or Me + 2 MX MeX + H« z
where Me represents a metal, and X a halogen o r sim ilar element.
If the compound formed is  a gas, m ass transfer of the metal can 
occur, by ready formation of the compound at active sites on the metal 
particles (com ers, edges e tc .,) ,  or other a reas of high surface energy 
concentration, followed by decomposition at sites where the surface
19
energy is lower.
(2)
Samuel and Loclcington obtained homogeneous iron/chromium alloys 
(25% Cr) by pressing mixed iron and ferrochromium powders 
impregnated with ammonium iodide, and sintering at 1150°C. The 
mechanism combined internal chromising and activated sintering.
Activated sintering of iron powders using halide formation and
M
reduction cycles has been described by Eudier ' , The iron powder
compacts were sintered in boxes at about 1100°C, the activated 
atmosphere being provided by ammonium fluoride and ammonium 
chloride (singly o r together). Dissociation of the ammonium salts 
produced hydrogen halides which reacted reversibly with the iron:
Fe -f- 2HX FeX2 + H2 (X = F or Cl)
A mixture of ammonium chloride and fluoride seemed to be more 
effective than either salt alone, and required a less critical control 
of tem perature, for good activation.
The reaction led to a marked increase in surface diffusion and to the 
transfer of atoms via the gas or liquid phase (depending on p ressure , 
tem perature and halide used), thus giving an accelerated sintering ra te .
20
Eudier also claimed a marked increase in ductility of the activation 
sintered product, a s  compared with normal sintering. The improvement 
in mechanical properties was still more enhanced when certain 
mixed powders (e .g . Fe - Si) were used.
Sintering of tungsten in a reactive atmosphere has been reported by 
M cIn ty re^  using HC1/H atomospheres and Locldngton and T o th ^Z
using 1 ^  and B r ^  atm ospheres.
Using a hydrogen chloride -  hydrogen atmosphere for the sintering 
of tungsten, McIntyre showed that densification was accelerated and 
the mechanical properties were improved. As in the case of Eudier's 
work, the activation effect can be attributed to a reversible reaction 
between the metal and the active constituent of the environment.
2. 1. 2 Liquid Activation
(7)
Eisenlcolb studied the sintering of iron and iron base alloy powders 
in the presence of a liquid phase. Most of the m etallic additions 
(solders) and non-metallic additions (silicates, fluxing agents, and 
sulphides) accelerated the sintering process providing that the 
resulting liquid phase thoroughly wetted the partic les.
21
(8)ICingery and Narasimham investigated the sintering kinetics of the 
iron-copper system using up to 43% copper, resulting in a large 
volume of copper rich  liquid in the pores.
(7 81In both cases 9 the process appears to be based on preferential 
solution and precipitation of iron atom s.
(9)Whalen and Humenik have reviewed liquid phase sintering up to 1961. 
They observed considerable differences in sintering behaviour with 
different liquids. Examples given show that a high rate  of densification, 
grain growth, and rounding of the grain shape, a re  not inherent 
characteristics of the process of liquid phase sintering, It is , of course, 
necessary in all cases that the liquid phase be retained within the 
compact and that it wets the surface of the particles*
2. 1. 3 Solid Activation
The effect of small amounts of metal additions on the sintering of
(10)zirconium diboride has been studied by Cech, Cliverius and Sejbal . 
Some additions especially cobalt, nickel and iron, and high melting 
point m etals, particularly rhenium, appreciably accelerate the sintering 
process. In studying the mode of action of solid phase additions the authors 
found that their influence is  associated with an appreciable contraction
22
of the ZrB crystal lattice, indicating a gradual substitution of Zr 
atoms by the added metals*
(11)Margerand and Eudier have reported a large acceleration of 
shrinkage in the case of gold coated iron powders.
In sintering of tungsten powders by the additions of small amounts
(12)of foreign elements, Agte and Curt have observed that the 
presence of powdered nickel (0.5 -  2 wt.%) decreased the sintering 
tem perature of tungsten to about 800°C. The electrical properties 
of this m aterial were alm ost identical to those of forged tungsten.
(13)Vacek subsequently reported rapid densification in tungsten
containing fractions of a  weight percent of iron, cobalt and nickel
o oat tem peratures from 1000 C to 1300 C.
(14)More recently Brophy, Shepard and Wulff studied the sintering 
kinetics of nickel activated tungsten, and Brophy and Hayden 
have demonstrated that small amounts of other group VIII elements 
will also lead to accelerated sintering of tungsten.
23
2* 2 SINTERING PARAMETERS
In studying the sintering kinetics of compacted powders it is  usual to 
measure changes in linear dimensions, volume or density, singly or 
in combination, fo r each isothermal sintering treatm ent. From  the 
measured changes, providing there a re  results for a sufficient range 
of tem peratures and tim es, some fundamental param eters can be 
calculated or obtained graphically*
2. 2. 1 Activation Energy (Q)
For the process of m ass transfer to occur the individual atoms taking 
part must be in a higher than average state of energy* This commonly 
accepted hypothesis is represented in Fig* 1,
An atom which is to move from position A to B, (with a driving force 
A G) must go via position C, and f irs t has to overcome an energy b a rrie r  
Q* Only atoms which have acquired this extra energy, to overcome the 
b a rrie r, will change from position A to B. The energy Q is normally 
referred  to as the activation energy of the process.
The most common method for expressing the influence of tem perature
on the velocity of a process is that used by Arrhenius:
0In  k = + constant * • , . . .  *.................. .. * . . * * •  (1)
E
ne
rg
y
AG
F ig  l. DiEgramatical representation o f  Q*
By measurement of the specific rates (k) of the process at several 
tem peratures, the value of Q can be obtained by plotting In k against 
^T, the slope of the straight line obtained being equal to -
The commonly used param eters expressing the rate  of sintering are:
(a) Log tim e for constant densification ^
D - DDensification is here expressed as D - D or s os o ------------
D - D m o
where D , D and D are  sintered ’as pressed* and theoretical s o m
maximum densities respectively*
(14) (15)(b )______ Log time for constant linear shrinkage
Linear shrinkage is expressed as where Lo and Ls are
Lo
’as pressed* and sintered linear dimensions of the compact.
(171 (181(c) Log apparent diffusion coefficient
dV ti ~1Apparent diffusion coefficient D = —jj— v " 11" . . .  . . .  . . .  . . .
where the volume param eter V = Vo - Vs ............................... ..
Vs - Vm
and Vo, Vs and Vm are  the ’as pressed*, sintered, and theoretical
volumes respectively, t is the sintering tim e, and the param eter n
is a m easure of the dependence of the volume param eter with tim e.
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2. 2. 2 The Rate Exponent (n)
This is usually obtained graphically from the graph of sintering time 
versus one of the following sintering param eters plotted logarithmically 
e .g . from
(a) the densification param eter, when
D - D  n
d ^ t - T T  <=< 1     • • •      <3>m o
(b) the shrinkage param eter, when
L " L n
- V - 1  ■=* * 2 .............................................................w
o
(c) the volume param eter, when
V -  Vo no s 3
y  -  y  • * * • • * • ♦ * * * * * ♦ • ♦ • * (S )
s rn
2. 2. 3. Miscellaneous Param eters
Other sintering param eters which are not so commonly used include
(19) (20) (11)electrical resistivity  changes and the use of pore volume
rather than mass volume param eters. Also in sintering models, usually
representing spherical powder particles, the rate of neck growth has
• (21)been used as a sintering criterion .
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2. 3 SINTERING MECHANISMS
2 a 3. 1 General Considerations
It is generally recognised that the driving force for pore volume
reduction and particle bonding during sintering is predominantly a
(22)reduction in excess surface energy contained in a m ass of powder
This ensures a tendency towards coalescence of the particles, 
providing sufficiently efficient transport mechanisms are  available*
Kuczynski has pointed out that the progress of sintering of powder 
compacts may be divided into two main overlapping stages* The f irs t 
manifests itself by a rapid decrease of electrical resistivity  and 
increase of cohesion, with no appreciable change in density, and is 
attributed to the formation of bridges or necks between the adjacent 
particles. The second stage, during which densification of the compact 
occurs, is due to the elimination of voids remaining in the compact.
The mechanisms by which this reduction in surface energy takes place 
have been studied extensively in the last 15 years, particularly in 
designing experiments to identify the rate  controlling step of the 
possible mechanisms.
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Usually more than one mechanism is involved. The rate  controlling 
step is the slowest mechanism, providing they are  connected in se ries . 
However, when the individual mechanisms taking part in a process 
act in parallel then the fastest mechanism is rate controlling. Thus 
a process occurring by surface diffusion (fast mechanism) is helped 
but not controlled by the contributing effects of grain boundary and 
volume diffusion (slow mechanisms).
The means by which m aterial transport during sintering may occur 
have been variously suggested to be plastic or viscous flow, 
evaporation -  condensation, and volume, surface or grain boundary 
diffusion*
2. 3. 2 Viscous Flow Mechanism
(24)The plastic flow mechanism suggested by Frenkel and by 
Mackenzie and Shuttleworth^'* is no longer accepted^ with the 
possible exception of application to the sintering of glass sp h e re s^ ^  
and some other non-metallic m aterials.
2. 3. 3 Evaporation -  Condensation Mechanisms
Mass transport from particle-pore surfaces into the necked region
(27)by a gaseous phase has been suggested by Kuczynski .
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The contribution of this mechanism is usually disregarded on the 
grounds that the m aterial being sintered has a low vapour p ressure .
However in the case of molybdenum and tungsten small amounts of 
moisture o r oxygen in the sintering atmosphere affect the sintering 
m echan ism ^^ , This may be looked upon as an evaporation -  conden­
sation mechanism of the type discussed in Section 2,1*1, and involves 
a reversible reaction between metal and water vapour giving gaseous 
metal oxide at certain temperatures*
2, 3* 4 Diffusion Mechanisms
(27)Kuczynski designed a simplified model as an analytical tool 
fo r sintering investigations. By this method the kinetics of bonding 
between spheres, of dimensions larger than powder particles, were 
related to various possible m ass transport processes. This resulted 
in expressions for the time dependence of neck growth of the form;
m t £\x c < t  . . . . . . . . . . . . . . . . . . . . .  (6)
The calculations by Kuczynski took into account mass transport by 
evaporation -  condensation from particle-pore surface into the neck, 
volume diffusion from the interior of a particle to the neck, and 
surface diffusion from  particle-pore surface into the neck.
Kuczynski's method of using neck growth to distinguish between the
(29)various transport processes has been critisised  by Rhimes and
(30)latter by Hoff, Rummel and Rhimes . These authors pointed out 
that there is no direct connection between densification and neck 
growth* In densification, the only geometric change that is essential, 
is an approach of particle centres* Neck growth can occur without 
any change in the relative location of the particle centres, and hence, 
with no concurrent densification. Thus neck growth observations 
cannot be used to identify the transport mechanism that is responsible 
for densification.
/ o n  /o^v
To the mechanisms posulated by Kuczynski, Goble has added
the possibility of m ass transport through an interparticle grain 
boundary.
(21)Pronatis and Seigle havealso recognised the importance of grain 
boundaries. They observed that void shrinkage in nickel compacts 
appears to be dependent upon the presence of grain boundaries, and 
occurs at greatly diminished rates in those specimens whose grain 
boundaries have been partially removed by recrystallisation. This 
suggests that densification occurs by the transfer of atoms into the 
void from a nearby grain boundary, and the movement of vacancies 
from the void via the grain boundaries to the free surface of the m aterial 
as a whole.
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Sintering experiments interpreted on diffusion models presented by
^ „ (33) -  U1 (31) (32) _ T _ „ ^  (34)Kingery and Berg , Coble and Jordan and Duwez
suggest that volume self-diffusion is  the predominant mechanism of
m aterial transport. This conclusion is  based on the close resemblance
of activation energies derived from their experiments • to activation
energies of volume self-diffusion obtained from direct diffusion
studies.
(18)Kothari has analysed published data on a number of systems having
sharply defined activation energies for volume (Qv), surface (Q ) ands
grain boundary (Q ^) diffusion. He obtained the following relationship 
between these activation energies:
Q_ 0.5 Qv       (7)s
and —  0.7  Qv . . .  . . .  . . .  . . .  . . .  . . .  . . .  (8)
Subsequent examination of the sintering data of authors such as 
Alexander and Balluffi and Cizeran and Lacombe suggested 
that activation energies for sintering were much lower than those 
associated with volume self-diffusion, and therefore sintering 
appeared to be controlled by grain boundary o r surface diffusion 
ra ther than by volume diffusion.
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(14)Brophy and his co-workers approached the problem of identifying 
the controlling mechanism of a sintering process by analysing the 
rate  exponent (n), shown in equation (4), rather than variation in the 
activation energy*
(14)Table (1) shows some selected n values appropriate to various 
controlling mechanisms*
TABLE 1
SELECTED SINTERING RELATIONS
MECHANISM n VALUES
Viscous flow 1
Evaporation -  Condensation 0
Grain boundary phase ) 
Boundary control ) 1/2
Volume diffusion 2/5
Grain boundary diffusion control 1/3
•  /i L> s-i*e. n— - OLoSurface diffusion 0
(14)Brophy obtained an n value of 1/2 for the sintering of tungsten by 
nickel activation, and from this and the observation that the sintering 
ra te  was independent of nickel content, he deduced that the process is  
controlled by the solution ra te  of tungsten into a few atomic surface
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layers of nickel* However his activation energy of 68 K cal/m ole for
the process is  significantly lower than the activation energy of 76.8
(37)K cal/m ole obtained for the volume diffusion of tungsten in nickel , 
which supports an alternative mechanism.
It is  difficult to see what fundamental importance can be attached to 
(n) values. Such values, obtained under a number of very specific 
conditions, may only be used to verify the controlling mechanism.
It appears to be unwise to consider this as a law which one can with 
certainty apply to any sintering process to identify the transport 
mechanism. However it is  useful since it shows the time dependence 
of the process a t constant tem perature, and any change in this rate  
function points to a change in mechanism.
So far no general mathematical expression has been found that fits 
experimentally observed time-densification curves.
(30)As pointed out by Hoff, Rummel and Rhimes it seems most 
probable that the rate  of appearance of new interparticle contacts, 
which affects the kinetics of densification, will prove to be an 
individual characteristic of the powder and of its  specific packing, 
so that it will not be a simple m atter to take this factor into account 
in the construction of a ra te  of densification law.
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2. 3 , 5 Surface Diffusion
Due to lack of constraint at surfaces, the number of bonds a re  lower 
than in the bulk m aterial and therefore reactions a re  faster often giving 
lower activation energies (Q). This is  illustrated in Table II.
TABLE II
General Surface Diffusion D a t a ^ ' ^
Metal Q_ <eV)
S
%  (eV)
Ag 0*455 1.95 0*23
Cu 2.13 2*03 1,05
Pt 1.12 3.03 0.37
Ni 1*7 2.74 0,62
Ni 0*62 2.70 0*23
W 3.13 6.17 0,50
Fe 2.5 3*18 0,78
It is  however singularly difficult to devise experiments which isolate 
pure surface diffusion from  other mechanisms contributing to the 
total surface mobility*
A theory fo r the transport of m aterial in crystals motivated by
(39)changes in surface-free energy was developed principally by Herring 
(40)and Mullins * This transfer is  always in such a direction a s  to 
decrease the overall surface-free energy of the system .
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A set of rectangular Cartesian co-ordinate axes and a surface which is
everywhere parallel to the y-axis so that its  profile is  specified by its
intercept on the x-y plane was considered and the following relationships
were obtained: For change in profile due to surface diffusion,
4dz n d z
dF = -b 7 4  -    *............................... <9>dx
change in profile due to volume diffusion,
£  = - c ^ l   (10)dt . 3dx
and for change in profile due to evaporation -  condensation mechanism 
for a surface in contact with its  own vapour,
d z =  _A&  . ............   (11)dt . 2............................................................................... '  'dx
Po#s522where A = — *■— t ----- %................................................. . .  . .  * . .  * (12)
(2TTm)2(kT)3
D X s i N
B = S - j l      . . .  (13)
Dv Xs dand C =  (14)
where S i  = volume per atom
y  = surface free energy
s
K = curvature factor
N = number of surface atoms per unit a rea
Pq = equilibrium vapour pressure
m = m olecular weight of vapour
D = surface diffusions
D = volume diffusion,v
(39) (40)Thus according to Herring and Mullins the ra te  of change of
surface shape due to surface diffusion, volume diffusion and evaporation-
condensation can be expressed by fourth, third and second order
partial differential equations respectively.
However it was shown by Blakely^* ^  that depending on the geometry of 
the surface any of these mechanisms can become dominant.
For surface studies bonding param eters a re  required but they do not 
ex ist. In fact Blakely suggests that in the present state of knowledge it 
is  not likely that surface studies will yield information on bonding as it 
would vice ve rsa .
That surface diffusion is probably the most poorly understood mode 
of atomic migration in crystals may seem somewhat surprising in 
view of the apparently greater accessibility of the surface, but on 
more careful examination of the problems involved in experimental 
measurement of surface properties many difficulties soon a r is e .
The most serious of these is  contamination, and it is  not possible 
to predict whether an impurity will increase o r decrease surface 
m obility^
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(42 43)However it is  still generally believed, as indicated by LeClaire ' ,
that if the ra te s  of the three general classes of diffusion in polycrystals
volume, grain boundary and surface diffusion, were characterised
by diffusion co-efficients D , D , and D and activation energiesv gb s
Q^, and Qg respectively then D ^<  Dg and Qg.
2, 3 . 6 Crystallographic Effects
With the greater degree of freedom on the surface it is  possible that 
the rate  controlling step could be diffusion in particular directions 
o r on particular planes. This is  indicated in Table III.
TABLE III
Crystallographic Effects on Surface Diffusion
Metal Path Q (K cal/m ole)s Reference
W
(110) (110) 
(211) (110) 
(120) (010)
30 
43 to 51 
97 to 106
(44)
Cu
surface plane 
(100) 
(110) 
(H D
S2.2
48.7
48.6
(45)
Ni near (100) near (111)
39.1
14.3 (46)
Thus mobility will also depend on the crystallographic nature of 
the surface.
2. 3. 7 Overlapping Controlling Mechanisms
Duwez has pointed out, that "sintering cannot be explained by means
of a single physical process* Several different atomic mechanisms
are  operating, the relative importance of each one of these m edian-
(4 7 )
ism s varying while the sintering is  in p rogress'
However it seems fairly certain that the relative importance of the 
various diffusion processes will shift from surface, to grain boundary 
and to volume diffusion as the tem perature increases.
(23)Kuczynski has suggested that sm aller particles may cause 
surface diffusion to dominate sintering in pure copper.
(48)Kingston has also shown that the sm aller the particles, the 
greater the potential energy for forming bonds, since the ratio of 
surface free energy to volume is  a function of particle size.
In sintering it is  therefore possible to visualise conditions where 
the relative importance of the various diffusion mechanisms are  
equal. In other words there is  more than one significant diffusion 
mechanism acting at the same tim e. This is  particularly the case 
for the sintering of powders of mixed particle size o r of very angular 
particles, especially a t o r below the Tamman tem perature; hence
surface diffusion can control at high surface energy regions, and grain 
boundary o r volume diffusion controls sintering a t a reas of much 
lower surface energy concentrations within the same powder compact. 
This, of course, cannot take place when the channels, that interconnect the 
pores with one another and the surface, have disappeared.
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2. 4 BRITTLE - DUCTILE BEHAVIOUR OF TUNGSTEN
Brittleness below a ductile-brittle transition tem perature in BCC
m etals and alloys is  well known. It has been observed in Fe, C r, Mo,
Ta and beta b rass as well as Tungsten, A survey of information on
such ductile-brittle transform ations up to 1956 has been given by
(49)McLean
The ductile-brittle transition tem perature range for any piece of 
stressed  tungsten is  not fixed but depends on several factors:
(a) Strain Rate Increased strain rate  resu lts in a reduction of 
ductility
(b) Interstitial Impurity Content Interstitial atoms tend to increase
(49 50 51)the ductile-brittle transition tem perature in tungsten 1 *
(c) Cold Working Cold working reduces the ductile-brittle transition
(52)tem perature of tungsten ,
(d) Grain Size A large grain size is  known to ra ise  the ductile- 
brittle  range. It is  also generally known that the amount, shape, 
size and distribution of residual porosity have a marked effect on 
the ductility and other mechanical properties.
An adequate survey of information on the mechanical properties of 
tungsten has been carried  out by Ratcliff and G gden^^ , and B a r t h ^ \
/ec\
The densities obtained after various treatm ents of tungsten can 
be summarised in Table IV;
TABLE IV
Density of tungsten after various treatm ents.
Treatment Density g/cc
Pre sintered at about 1100° G 9.8 - 11.0
Sintered at up to 30Q0°C 16.5 *• 17.5
Swaged 18.0 - 19.0
Drawn 19.0 - 19.3
Theoretical maximum 19.30
This shows that one normally needs quite a heavy mechanical
deformation before the density approaches the theoretical density
of tungsten* One of the main drawbacks to the normal method of
sintering is  the very high tem perature required to obtain an
acceptable 'as sintered ' density for mechanical deformation, or
for strength if it is  the final product. Apart from processing and
equipment difficulties, a relatively coarse grain structure resu lts
(1)as the ’as sintered* bar is very brittle  at room tem perature .
The relatively large residual porosity, and coarse grain structure
of the ’as sintered’ product can cause mechanical deformation
(5 3 )
difficulties even at the hot working tem peratures .
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High sintering tem perature normally resu lts in grain growth, th is,
as pointed out earlie r (2 .3 .4 .), in turn means locking up the voids 
(21)inside the grains 0 Therefore one should aim for a lower sintering 
tem perature or use grain growth in h ib i to rs '^ ;  in the case of 
tungsten,thoria is  commonly added*
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3 OBJECT OF INVESTIGATION
As has been previously mentioned, it seems possible that a large 
number of problems associated with the technology of tungsten can 
be overcome by activation sintering*
Thus if one considers sintering by halogen activation, H + Br
Z Z
atmosphere, apart from a reduction in the sintering tem perature 
leading to a lower grain size, one has in situ a semi Van Arkel 
process which can reduce in terstitial (mainly oxygen) content. Both 
sm aller grain size and lower oxygen content should lead to a lowering 
of ductile-brittle tem perature range. Also a general improvement in 
ductility (and other mechanical properties) should be obtained by 
changing the residual pore shape from angular to round (3 ,4 .5 .)*
The f irs t object was therefor to study the sintering kinetics of activated 
tungsten in order to establish optimum conditions a s  well as to 
understand the prevailing mechanisms*
As fa r as sintering by metallic activation (Pd or Ni additions) is 
concerned one can obtain very high densities a t relatively low 
tem peratures. This may be excellent providing the shape of the Tas 
sinteredM product is  that finally required.
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However in a large number of cases sintering only gives a consolidated 
m aterial, requiring mechanical deformability for fu rther shaping 
purposes. As yet little is known concerning the potential mechanical 
properties of this type of tungsten, to allow one to pi edict the ease 
with which it could be shaped.
Therefore, it was thought worthwhile to investigate room tem perature 
strength as well as ductility at elevated tem perature in order to allow 
a better evaluation of the mechanical deformability of activation 
sintered products.
In the case of metallic activation, thoriated tungsten has been 
investigated as well as pure tungsten, since this allows some control 
over grain size and grain boundary effects.
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4 KINETICS OF HALOGEN ACTIVATION 
4, 1 INTRODUCTION
Bromine was selected as the most convenient halogen to study, since 
it is  a liquid of suitable vapour p ressure  a t room tem perature, and 
so can be easily introduced into a gas stream  at a steady concentration* 
In the case of tungsten, and bromine -* containing atm ospheres, the
compounds formed a re  also invariably gaseous a t sintering temper**
„  (57)atures *
In this section it is  intended to examine the effect of bromine ~ 
containing atmospheres on the sintering kinetics of tungsten powder 
compacts. Its effect on some mechanical properties will be dealt 
with in section (7).
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4. 2 EXPERIMENTAL WORK
4o 2. 1. Brief Outline
Test-pieces of presintered tungsten powder were heated by high 
frequency induction to tem peratures in the range of 1200° to 1700°C, 
in an atomosphere of purified hydrogen, o r hydrogen and brom ine.
The gas flow ra te  was kept constant, and time at constant sintering 
tem perature varied from zero to four hours*
4. 2. 2 Test Pieces
In order to obtain uniformity, the test pieces were all cut from a bar 
of presintered tungsten supplied by Murex Ltd. The tungsten powder, 
99.9% purity, average particle size about 3 microns; had been
o ipressed a t 30 to n s /sq ,in ., and heated at 1100 C for 1^ hours. The bar
could be transported with care and was cut to make test pieces 20 mm
x 4 mm x 4 m m. The apparent density of the presintered m aterial 
3
was 10.0 g/cm  and its  chemical analysis is  given in Table (V).
TABLE V
Chemical analysis of the pre sintered tungsten m aterial
Element Ni Fe Mo C 0
p .p .m . 100 50-100 200-300 100 300-700
4. 2. 3 Apparatus
The essential features of the apparatus a re  illustrated in F ig . 2. The 
test piece was suspended by a tungsten w ire, in a vertical transparent 
silica tfobe. Cylinder hydrogen, purified by passing through a ,*Deoxo,f 
unit and drying tubes (to a dew point of -44°C as measured by an 
Alnor Dewpointer), was passed at a measured rate  .into the lower 
end of the silica tube, either directly, o r through a vessel containing 
bromine. The stopcock at the exit end of this vessel was of special 
greaseless pattern to avoid contamination. The gases passing out of 
the silica tube were bubbled through sodium hydroxide solution to 
remove the brom ine. Provision was also made to evacuate the silica 
tube, a liquid a ir  trap  in the vacuum line preventing bromine 
reaching the pumps. The H .F , induction coils were arranged as  shown.
The tem perature was measured optically, suitable emissivity 
(58)corrections being made. The weights and geometry of all the 
specimens were maintained constant in order to allow a correlation 
of tem perature with power out-put of the induction heater to a ssis t 
tem perature control when bromine obscured the test-p ieces.
U8
Atm
Vacuum pump 
v ia
Liquid a ir  tra p NaOH
y  FlowmeterSpecimenH0Ffl w 
c o i l  ®
S i l i c a g e l
C rea sless
stopcock
\  Bromine 
/ C ontainer
Figo> 2 4 . Halogen A c t iv a t io n  S in te r in g  Apparatus a.
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The bromine concentration in the atomosphere was determined from 
the decrease in liquid bromine during the test, since the hydrogen 
flow ra te  was kept at a known constant ra te . The wiehgt gain of the 
sodium hydroxide solution at the exit end of the system served as an 
additional check. The figure obtained was 11% bromine (as Br^) by 
volume, the remaining 89% being hydrogen. If bromine entered the 
atmosphere at its  full room tem perature vapour p ressure , about 
twice this concentration would have been obtained.
4. 3 EXPERIMENTAL PROCEDURE
After inserting the test-piece and assembling the apparatus, the 
silica tube was evacuated to 10 mm Hg. p ressu re , filled to atmospheric 
p ressure  with hydrogen, and re-evacuated. The sintering atomosphere 
was then introduced, the hydrogen flow rate  being maintained at 
60 c ec 0/m in . whether bromine was added o r not. By this procedure, 
the open pores of the test-piece were filled with the sintering 
atmosphere before heat treatm ent.
In order to obtain some equilibrium between /B r^ and W in the 
pores of the compact m aterial the test-piece was heated to 800°C, 
and held there fo r 5 m ins., and the tem perature then raised  at 150°C/ 
m in. to the chosen sintering tem perature. F o r ’ie ro  tim e” treatm ents, 
the inductor was switched off immediately the final tem perature was 
reached otherwise the inductor was switched off after the appropriate 
tim e. Hydrogen only was passed for the final five minutes heating 
to c lear bromine compounds from the pores of the test-piece s .
4. 4 ASSESSMENT OF SINTERED TEST-PIECES
4. 4 . 1 Density Measurement
The method of apparent weight loss in m ercury was used. As m ercury 
does not wet tungsten, surface pores a re  correctly included. The 
specimens were suspended in a nickel basket on a nickel wire for 
weighing , fo r low density specimens, an additional weight was 
added to the line, as  a "sinker” .
If W is  the weight of the specimen in a ir i is  the weight of basket
in m ercury, the combined weight of specimen and basket in
m ercury, and Df, the density of m ercury, then the density of the rig
specimen is  given by the expression
W xD Hg . . .  . . .  . . .  . . .  . . .  . . .  . . .  (15)
W + W , - W „1 2
Specimens of known density were used as a check, and an accuracy
•J*
of -0.2% was observed,
4. 4 . 2 Determination of Oxygen Content
Vacuum fusion methods were used to determine the oxygen content
of a number of sintered specim ens. Some of the determinations
were made by Murex Ltd. and some a t Battersea College of Technology
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4. 5 RESULTS
4. 5. 1 Densification
The densities of sintered test-pieces a re  shown in Table VI, "Zero- 
time" densities (D^) are  given at the end of the table for each temp­
erature, and it is  these densities that have been subtracted from the 
sintered density (D^) to obtain a figure for densification ( i .e . density
inrease AD = D - D where D = D. - D ,),s o  s 2 1
In F ig .3. AD  has been plotted against time for various sintering 
tem peratures and both and - Br^ atm ospheres. The densifi­
cation param eter, i . e .  ratio of density increase to theoretical 
maximum density increase, used by some authors, has not been plotted
here, since D - D was constant, hence the form of the curves m o
rem ains the same.
From  the curves of F ig .3, it  is  clear that the densification is  faster 
in bromine containing atmospheres for the tem perature range studied.
At 1200°C, there is  a small but definite effect. With increase in 
tem perature, the activation effect increases to a maximum at 14Q0°C, 
and then decreases. At 1700°C the effect is  negligible. The increase 
in densification due to activation as a percentage of the densification 
without activation expressed in round figures is  as follows:-
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Sintering Temperature °C 1200 1300 1400 1500 1600 1700
Increased densification % 10 25 45 12 7 0
The sharpness of the peak activation effect a t 1400°C (or a little 
higher) is  illustrated by Fig, 4 where the increase in densification due 
to activation is  plotted against tem perature for various processing 
tim es.
4. 5. 2 Oxygen Content
The oxygen determinations made on sintered test'-pieces were 
consistent, and fitted into a scheme illustrated graphically in Fig.
5, The resu lts a re  shown in Table VII.
Si
nt
er
in
g 
T
em
pe
ra
tu
re
56
1800
1700
1600
o
1500
lHOO
1300
 ^ atm osphere, I hr 
*1
w  2 2 9
■Q atm osphere, U hrs
^  TT i ' D o *  ) iH +Br
100 200 300 Hoo
Oxygen Content -  p 9p am (by w eig h t)
F ig  5* E f fe c t  o f  s in te r in g  treatm en t on oxygen c o n te n t«
4. 6 EXAMINATION OF RESULTS
4 . 6, 1 "Zero-tim e" Densities
Some densification occurs during the heating-up period above 1200°C 
(Table VI). There appears to be a slight reduction in density when 
heating up to 1200°C in the bromine - containing atmosphere. This 
is  probably due to a loss of tungsten a s  tungsten bromide or oxybromide, 
before any shrinkage occurs. It did not prove possible to check such 
small losses by direct weighting since the test-pieces were some" 
what friable initially, and small losses can also result from handling.
4. 6. 2 Densification - time Curves
The curves in F ig .3 resem ble a set of parabolas but if the same 
data a re  replotted in a log - log basis, as in Fig. 6, a series of 
straight lines is  obtained of slope less  than 0 .5 , The rate-law  is  
thus not truly parabolic.
The lines of F ig. 6 fall into two se ts. For higher tem peratures,
1500°C to 1700°C, the slope is 0 .4 ; for lower tem peratures, 1200°- 
1400°C, the slope is  0.33, corresponding to a cubic law.
The change of slope occurs between 1400°C and 1500°C for sintering 
in both atm ospheres.
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The process of densification is  thus complex, a number of mechanisms
(47) (59)occuring simultaneously . A change in mechanism, o r in the
relative importance of the several mechansims, evidently takes 
place between 1400°C and 1500°C.
It should be pointed out that the densifications achieved are  compara­
tively small, exceeding th ree-quarters of the theoretical densities 
of tungsten only at tem peratures at which bromine -  activation no 
longer occurs.
4 6. 3 Densification - tem perature Curves
The variation of rate  with tem perature can often be informative,
particularly  if an Arrhenius -  type relationship applies. In F ig .7
\
increase in density, AC, for different tim es of treatm ent (equivalent 
to a  densification rate) is  plotted on a logarithmic scale against the 
reciprocal of the absolute tem perature. For specimens sintered in 
hydrogen two straight lines can be drawn for each sintering time, 
the break occuring at 1400°C for shorter treatm ents and a t somewhat 
lower tem peratures for longer treatm ents. (A curved transition 
would also fit the points for the longer treatm ents). For activation 
sintering two breaks occur at about 1400° and 1500°C, The part of 
the curve between these tem peratures clearly a rises  from a balance 
between the falling off of the bromine « activation effect and the
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increase of diffusion ra te  a s  the tem perature is  ra ised .
Similar curves a re  obtained if the "densification param eter",
D ~ D
— ~ , is  plotted instead o f^D  (=D - D ). D being initial D - D * .  s o o  &m o
density, Dm theoretical maximum density, and Dg the density 
attained. These curves again show that changes of mechanism occur 
near 1400°C for non -  activated sintering. For activated sintering 
the changes may be masked by the peak in the bromine -  activation 
effect occurring at about the same tem perature.
4 . 6. 4 Apparant Activation Energy
(34)According to Jordan and Duwez activation energies for 
sintering processes can be calculated conveniently from  the shapes 
of curves obtained by plotting the logarithm of time for a constant 
densification against the reciprocal of the absolute tem perature. The 
present data has been plotted in this manner in F ig . 8. Since the 
starting density is  the same for all test-p ieces each curve represents 
the time to reach a given density for various tem peratures.
The activation energies obtained are  obviously not for a singly 
defined mechanism but a re  the "apparent" activation energies fo r the 
overall densification p rocess.
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These a re  listed in Table (VUX),
TABLE VIII
Apparent activation energies for and halogen containing atmosphere 
sintering
Atmosphere Tem ^, range ”Q"(K cal/mole)
C Short tim es Longer tim es
Hydrogen below 1450 60 70
above 1500 70 90
Hydrogen below 1400 79 90
and 1400 -  1500 30 0 1 00 o
Bromine 1500 -  1600 60 90
above 1600 65 -  70 90
Hydrogen ^ 1 4 3 5 - 1 7 5 0 72 09
(5)
H2 +HC1 '  ' \ 4 3 S  -  1150 52 -
Different activation energies above and below 1400°C would be 
expected from the previous discussion. The general increase in
(47)activation energy with time would not be expected but, as Duwez 
has pointed out, "sintering cannot be explained by means of a single 
physical process, several different atomic mechanisms a re  operating, 
the relative importance of each one of these mechanisms varying 
while the sintering is  in p rog ress" .
The activation-sintering process shows a sim ilar behaviour. The 
apparent activation energy is  higher than for non-activated sintering
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in the lower tem perature range, but lower at higher tem peraturs. 
These differences in activation energy for the two systems do not 
help to distinguish mechanisms. In the range 1200° - 1400°C, where 
the bromine-activated effect is  increasing, a r ise  in tem perature 
has a very marked effect on the densification ra te , and resu lts in a 
high apparent activation energy unrelated to any densification 
mechanism. Similarly, above 1500°C, the bromine-activation effect 
diminshes and a low apparent activation energy is  indicated,
(5)
The activation energies obtained by McIntyre for sintering in 
hydrogen and hydrogen + hydrogen chloride atmospheres were 72
o
and 52 K cal/m ole, respectively, over the tem perature range 1435 
to 1750°C.
It is  difficult to draw a direct comparison of the activation energies 
obtained here and by McIntyre (Table VIII), since not only different 
reactive atmosphere but also a different type of tungsten powder was 
used in the two experim ents. However, in both cases a definite 
lowering of activation energy resu lts (at the shown tem perature 
ranges) when there is  some halogen in the sintering atm osphere.
Activation energies a re  commonly used to give indications to the 
m ost likely transport mechanism of a sintering p rocess.
Using the relationship given in equations (7) and (8) (section 2 .3.4)
(6GX61)and utilising the available data of 140 K cal/mole for the
activation energy for tungsten volume self-diffusion, activation 
energy for surface diffusion can be expected to be around 70 K cal/ 
mole; then the process should be controlled by surface diffusion, 
and if it is  in the region of 98 K cal /m ole by grain boundary diffusion.
This is  supported by the resu lts of Barbour e t.a l , they obtain an
activation energy of 72 K cal /m ole for the surface self diffusion
(18)of tungsten using a field emmission technique, and Kothari , 
who obtained a value of 100.1 K cal /m ole for grata boundary. 
diffusion controlled sintering of tungsten.
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4. 7 DISCUSSION
The resu lts obtained show that the rate of densification in the
tem perature range 1200° to 1700°C is  increased by the presence of
obromine, with a peak effect at 1400 G o r somewhat higher.
In the assumed densification «* time equation D = Ktn both the values
found for n have been quoted by other authors in connection with
various sintering p rocessess. The value 0.33, for tem perature
of 1400°C and below, is  associated with grain boundary diffusion ^
or may a rise  from a relatively g reater importance of surface diffusion.
The value 0 ,4 , for tem peratures of 150Q°C and above, is  frequently
(14)associated with a predominatly volume diffusion mechanism . 
However, densification in the tem perature range studied would be
/io \
expected to occur mainly by a surface mechanism , a s  bulk 
diffusion ra te s  would be negligible. This was most apparent from 
the interpretation-of activation energy values (section 4 ,6 .4 ).
Bromine increases densification rate  and could either do so by 
providing an additional densification mechanism o r by increasing 
the ra te  of other processes. The possible contributing effects of 
bromine on densification may be listed as follows:
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(1) Increased Reaction A rea.
(2) Enchanced diffusion ra te s  in purified surface layer.
(3) Change in surface energy through chemisorption.
(4) Mass transfer via gas phase.
(1) Increased Reaction Area
Increased area  of actual metal-to-metal contact between particles 
may occur by etching away of surface film s, o r, initially, by 
depositions of tungsten around points of contact. However, this 
would only be expected to give ah initial densification effect.
(2) Enchanced diffusion ra tes  in purified surface layer 
This can be sub-divided into:
(a) Less ’locking" of active atoms:
The purified surface of particles, formed by removal of in terstitials 
(deoxidation does occur) o r by the redeposition of pure tungsten, may 
show enchanced surface diffusion ra te s . However, deoxidation rate  
is  increasing with tem perature (see Fig. 5) but there is  a peak 
effect a t 1400°C for densification which is  not explained by this point,
(b) Increase in lattice defects in vapour deposits
The vapour deposited tungsten may have an increased content of 
lattice defects which in turn could account for an increase in surfacei
I .I
i
diffusion ra te s . However this implies that the re-deposited tungsten 
has surplus energy, that is not in accordance with the assumption 
that tungsten reacts with bromine at high energy sites and is  
re-deposited at low energy s ites . (See point 4).
(3) Change in surface energy through chemisorption 
A large amount of research  has been done on chem iso rp tion^  ^  
but little  information appears to exist as yet on the subject of the 
effect of chemisorption on surface self-diffusion.
Chemisorption is  an interaction between the electrons of the adsorbent
C?
and those of the adsorbate one resu lt of which is that the surface 
bond energy is  affected*63*.
If we assum e that there is  a chemisorbed layer of bromine on the 
tungsten surface, it is  most lilcely that a s  a resu lt of the electronic 
interaction, the bromine atom will fill up its  outer electronic shell 
(4p) from five to the most stable configuration of six electrons. Thus 
a loss of an electron from  a neighbouring tungsten atom can resu lt in 
a reduction of surface bond electrons; giving rise  to a lower surface 
bond energy, o r in other words to a higher surface mobility. But 
th is, though it may produce a  modified tungsten surface, does not 
account, by itself, fo r the peak effect (Fig. 4) a t 1400°C.
(4) Mass T ransfer via the gas phase
It is  a fa ir assumption that m ass transfer through a reversible
reaction of the type W + XBr*<~-> WBr occurs, but it is  difficult tox
understand how such a mechanism (by itself) can be responsible 
for volume shrinkage of the powder compact, since shrinkage 
requires on balance a movement of m ass directed inwards. Loss 
of tungsten into the sintering atmosphere to a small extent does occur 
and change of pore shape is  clearly possible, since the tungsten will 
tend to react a t active sites (e .g . asperities) and redeposit elsewhere.
The tem perature of maximum activation, 1400°C, may be explained
as the tem perature at which the equilibria between tungsten, bromine
and one o r more tungsten bromides are  balanced, and yet sensitive
(57)to small changes of tem perature o r other conditions. Quill gives
various curves showing the equilibrium relationships for various
tungsten/halogen system s. The tungsten bromide -  metal equilibrium
curves show that WBr,, WBr- and WBr,- have their maximum4 5 2
stabilities at 500, 600 and 1500°C respectively. Thus the data 
available suggests that only WBr^ need be considered of the 
various tungsten brom ides. The maximum stability of WBr^ in 
contact with tungsten, in bromine atmosphere occurs at about 1500°C,
and under the conditions prevailing within the tungsten compact, it 
is  feasible that this tem perature might be reduced by 100°C, In the 
presence of hydrogen, and of the large tungsten surface available, 
the higher tungsten bromides are  not likely to be found.
It was mentioned that the controlling mechanism for sintering in 
hydrogen atmosphere is  surface diffusion up to the tem perature 
range of 1400°C -  1500°C, above that it is  controlled by grain 
boundary diffusion. Bromine activation can only effect densification 
through the surfaces of the tungsten partic les. Thus part of the 
reduction of the bromine -  activation effect as the tem perature 
is  raised  from 1400° to 1500°C may be due to the rapidly decreasing 
inportance of surface diffusion.
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4. 8. CONCLUSIONS
(a) When sintering in a hydrogen atmosphere there is a change of
o odensification mechanism between 1400 and 1500 C. It appears 
likely that at lower tem peratures surface diffusion, while at 
higher tem peratures grain boundary diffusion dominates the 
sintering process,
o o(b) In the tem perature range 1200 to 1700 C the rate  of densification 
of tungsten powder compacts is increased by the presence of 
bromine in the surrounding atmosphere* The effect is most marked 
at 1400°C,the densification being increased by about 40%,
(c) Bromine activation appears to function by accelerating or 
facilitating the normal densification mechanisms. Changes occur 
in the tem perature range 1400° to 1500°C which may be related to 
point (a) above, and also to the chemical equilibria between 
tungsten, bromine, hydrogen and tungsten brom ides.
(d) Bromine a ssists  in deoxygenating the tungsten, but it is not 
c lear to what extent this contributes to activation sintering.
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5. KINETICS OF METALLIC ACTIVATION 
5. 1„ INTRODUCTION
If the c a rr ie r  phase or environment, contributing to m ass transfer 
is in the liquid state, one might expect to accelerate the sintering 
rate  even further* Accordingly as an extension of gaseous halogen 
activation, some prelim inery experiments were made in this direction.
*As pressed1 tungsten compacts were impregnated with solutions 
containing various combinations of halides of the following elements: 
Na, K, Sr, Li, Fe, C r, Ni, Cu, Ag and Pd. These were chosen 
in such a way that theoretically a liquid solution should exist a t 
the sintering tem perature of 1G00°C in an atmosphere of argon 
containing excess halogen. The la tter in turn was expected to 
react with tungsten and any compound produced expected to dissolvei 
in the liquid c a rr ie r  phase.
Such a process of preferential dissolution and precipitation was 
expected to produce accelerated bonding between partic les.
Except fo r impregnations involving nickel and/or palladium salts
(67)
there was little  or no activation as determined by densification .
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Sim ilar results were obtained when the sintering atmosphere was
dry hydrogen* According to thermodynamical considerations at the
osintering tem perature of 1200 C, in an atmosphere of hydrogen, 
palladium and nickel could only exist in the metallic state*
Therefore it was concluded that it is not the liquid salt phase 
but the presence of metallic palladium or nickel that was giving 
high activation. Sim ilar conclusions have been reached by other 
workers
The work was therefore continued in the field of "Metallic 
Activation" with some expectation that a comparision of halogen and 
metallic activation would not only yield a g rea ter understanding of 
activation sintering processes in general, but allow an evaluation 
of the comparative m erits of halogen and metallic activation of 
tungsten.
Thoriated tungsten w as used as well as commercially ’pure* tungsten 
as a  base m aterial in order to restra in  grain growth during homogenisation 
treatm ents and to break up the continuety of grain boundary film s.
In this section the sintering behaviour of four types of specimens 
a re  reported:
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(1) Tungsten compacts impregnated with palladium chloride solution,
(2) Tungsten + 2 wt. % thoria compacts impregnated with palladium 
chloride solution,
(3) Tungsten compacts impregnated with nickel chloride solution,
(4) Tungsten + 2 w t, % thoria compacts impregnated with nickel 
chloride solution.
6
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5, 2« MATERIALS AND EXPERIMENTAL PROCEDURE
In order to obtain uniformity, the test-pieces were cut from  
long, rectangular bars of ’as pressed’ tungsten made from a 
single batch of hydrogen-reduced tungsten powder supplied by 
Murex Ltd*
The tungsten powder had an average particle size of 3 .8 . microns
. (68,69) „ „as measured by the F isher sub-sieve , and 3*3 microns
(70)when measured by the Coulter counter size analyser . Tap 
density and apparent density were 6,67 and 2,00 g /cc . respectively.
The compositions of tungsten powder is shown in Table DC..
TABLE IX
Chemical analysis of the tungsten powder
Element Fe Cr Mo Ni Si N C 0
p .p .m 90 30 90 35 80 90 100 900
The tungsten bars were pressed at 18 tons per sq ,in  giving bars 
having a cross section of 19.20 x 3.7 mm which then were cut up 
into rectangular specimens of 19.20 x 3.7 x 3.8 mm.
To p art of the same batch of tungsten powder 2 wt. percent of 
minus 200 mesh of thoria was added for the thoriated specimens, 
and pressed  a t a slightly higher pressure  to give the same green
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density of 10.40 g /cc  as the non-thoriated tungsten*.
The required amount of NICI^* 6H^O or PdCI^. 2H^O were 
dissolved in alcohol or acetone respectively, to yield known 
amounts of nickel and palladium and the test-pieces were then 
impregnated by a standardised method*
This consisted essentially of filling the pores through capillary 
action. The alcohol and the acetone were then evaporated in a 
drying oven at a maximum tem perature of 130°C which was 
attained in 5 mins. The dried test-pieces were heated at 600°C 
for 15 mins* in a hydrogen atmosphere in order to reduce the 
salts to the metal concerned.
The Pd and Ni contents of the test-pieces were obtained by measuring 
the weight of retained salt before and after impregnation and 
drying, but before converting the salt to m etal. Since 
impregnation was always done by capillary soaking, the 
activator concentration in the porous tungsten specimens were 
highly reproducible*
Analysis for Ni in nickel activated sintered compacts, carried  out 
at Murex Ltd. established that no Ni loss occurs during reduction 
and subsequent sintering, since these results agree closely with the
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estimated content p rio r to sintering (Table X),
TABLE X
Comparative analysis of impregnated test-pieces
Wt % Ni determined by wt % Ni determined by chemical
weighing before sintering analysis after sintering*
0*0108 0*01
0*0432 0*04
0,0865 0*09
0.1620 0*16
0*4320 0.43
These figures also show that chemical analysis is potentially a less 
accurate method fo r estimating composition in this case, than the 
method of measuring the weight gain as a resu lt of activator 
impregnation, therefore the la tte r method was used to report 
the activator concentration of the test-pieces*
Isothermal sintering was carried  out at selected tem perature and 
time combinations in a horizontal tube furnace through which
cylinder hydrogen, purified by passing through a "Deoxo" unit and
drying tubes (to a dew point of -  44°C), was passed at a constant
rate  of 200 cc/m in.
The horizontal tube furnace was heated by silicon-carbide rods, 
employing conventional equipment for tem perature control*
The specimens were held in a recrystallised aluminia dish in 
which they could be rapidly introduced into the hot zone of the 
furnace.
The tem perature was measured by a Ff/Pt-13% Rh thermo-couple 
which was periodically calibrated to maintain an accuracy of 
better than 4* 5°C.
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5, 3. RESULTS
5, 3. 1, Activator Concentration
A series of tests was carried  out for tim es between 5 and 240
ominutes at a tem perature of 1000 C, the main variable being Pd and 
Ni concentration* Pd was varied between 0*0545 to 1.75 weight 
percent and Ni between 0*0054 to 0*865 weight percent. These tests 
were done in order to determine the optimum palladium and nickel 
content needed to igive maximum linear shrinkage* The results of 
these experiments a re  shown in Tables XI and Xll respectively.
The Pd and Ni concentration dependence of linear shrinkage for six 
different sintering tim es a re  shown on a logarithmic plot in F ig*9 
and 10 respectively.
5* 3* 2* Optimum Concentration Effects
Another se ries of isotherm al sintering tests was carried  out
keeping constant activator compositions of 0*317 and 0*130 weight
percent of Pd and Ni respectively. Linear shrinkage and in most
cases changes in all three dimensions were measured with a
o om icrom eter, before and after sintering between 850 and 1100 C
o ofo r palladium and 850 and 1200 C for nickel activation, using tim es 
of 5, 15, 30, 60, 120 and 240 minutes. The results a re  tabulated 
in Table Xlll and XIV.
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5. 3. 3 . Determination of Rate Exponents and Activation Energies
In F ig , 11 the time dependence of linear shrinkage at 1000°C for 
various concentrations of palladium and nickel are  shown.
The time dependence of linear shrinkage at different tem peratures, 
using optimum activator concentrations, a re  shown in F ig , 12 for 
palladium and F ig . 13 for nickel.
The apparent activation energies for the process (excluding the final
t
stages of sintering) were calculated from F ig . 12 and 13 and are  
illustrated in F ig . 14.
In order to compare these activation energies with those obtained by
(18)another method, Kothari’s technique has been used and hence 
linear measurements have been converted to volume changes 
(Tables Xllla and XlVa). These have been converted to Kothari’s 
volume param eter V (equation 2a) where
V -V  
V = 0 s
V -Vs m
Fig. 15 and 16 shows the time,dependence of the volume param eter 
the slope of the curve is n which is used in equation (2) as
d 4 £ L  V * ' 1 
dt
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At each tem perature studied, D has been calculated, using equation
(2) by the use of F igs, 17 and 18 to obtain graphically values for 
dV from the corresponding values of V, At least at four different 
Cangens were determined on each curve and corresponding D values 
obtained*
The resu lts summ arised in F ig. 19 indicate the average D values 
at different tem peratures fo r palladium and nickel activation. From  
the slopes of these curves corresponding activation energies have 
been calculated.
5 . 3* 4, Determination of Activator Distribution
Electron-probe m icro-analyses on * as polished* and polished and 
etched surfaces of palladium and nickel activation sintered specimens 
were carried  out using a Cambridge Microscan, Type 11A instrument.
Intergranularly fractured surfaces of both palladium and nickel 
activation sintered specimens have also been analysed by the 
electron-probe.
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5, 4, DISCUSSION
5. 4. 1 o The Effect of Drying R.ate
The rate  of drying of the impregnated specimens was found to be
rather c ritica l. Very fast rates resulted in boiling off the solution 
and most of the salt precipitated out of the solution at the top surface 
of the specimen, which on sintering caused the specimen to bend 
upwards due to faster rate of shrinkage there . Excessively slow 
rate  of drying gave a lower initial rate  of densification probably 
because this allowed large crystals of the salt to grow, leading to 
a more uneven distribution of the activator over the surfaces of 
the tungsten g ra ins.
5 . 4 . 2. Activator Concentration
The optimum concentration fo r maximum activation was found to 
be 0,130 and 0,317 weight percent for nickel and palladium
(15)respectively. The optimum reported by Brophy and colleagues 
are  0.12 and 0.25 respectively. It is suprising to find such a close 
agreement since these workers not only used a different type 
of tungsten powder but a completely different method of introducing 
the activator.
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TABLE XV
Optimum Concentration for Maximum Activation
Activator Optimum Calculated Activator BrophyTs (15)
Element Concentration thickness on tungsten optimum
concentration 
wt.% > At. % in A in wt. %
Pd 0.317 0.544 15.6 0.25
Ni 0.130 0.405 8.8 0.12
Converting weight to atomic percentages bring the optimum nickel 
and palladium concentrations closer to each other. If the powder 
particles are  assumed to be spherical and of 3.3 micron diameter* 
optimum concentration of the activator correspond to a layer 8.8
tf? o
A thick of nickel, and 15.6 A of palladium. However the actual particle 
shape being angular and its surface rough, this thickness is quite 
likely to be reduced by as much as a factor of two or three, so that 
these figures correspond very nearly to a monolayer of the activator.
Comparing palladium with nickel with respect to the concentration 
dependence of linear shrinkage (Figs. 9 and 10) it appears that up 
to the optimum concentrations the acceleration in shrinkage rate is 
more pronounced in the case of palladium than in the case of nickel 
activation.
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The deceleration of the rate  of shrinkage, which takes place after 
the optimum concentration is reached, seems on the other hand to be 
more pronounced with nickel than with palladium additions. This 
deceleration in sintering capacity may be looked upon as *over 
activation* as an analogy to the phenomenon of over-modification, 
if we look upon activation broadly as a modification of the bond 
energy of the surface atoms of the tungsten particles* The mechanism 
and theory of activation sintering will however be discussed la te r .
5. 4 . 3 . Optimum Concentration
In order to study the sintering kinetics of palladium and nickel 
activation of tungsten and tungsten and thoria compacts at different 
tem peratures, it was decided to use the optimum concentrations of 
0,317 weight percent Pd and 0.130 weight percent Ni,
Comparing the results in F ig . 12 with that in F ig . 13, it is  quite 
evident that palladium is a stronger activator at all tem peratures 
studied, especially at and below 950°C. In both cases the presence 
of thoria particles appears to have retarded densification. However, 
it is perhaps suprising that this retardation does not seem to change 
with tim e as densification progresses.
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After reaching about 86 percent theoretical density (slightly higher 
with palladium activation) the curves seem to flatten* This behaviour 
has been observed by other workers when the final stage of
densification a re  reached, and usually attributed to grain growth*
(71) (21)Kuczynski and Seigle and Pronatis have demonstrated that
densification greatly diminishes when grain boundaries break away 
from  voids by recrystallination, On the other hand one cannot avoid
remarking that at about this stage of sintering closed pores s ta rt
(72)to appear , probably in large numbers, as the result of the closing 
up of pore-interconnecting channels*
5. 4 . 4 . Activation Energies and Rate Exponents
In F ig, 11 the curves for the time dependence of linear shrinkage for 
low, high and optimum concentrations for nickel and palladium 
activation of tungsten, show that the slopes (rate exponents) are  
about 1/2 at optimum concentrations. This same slope appears 
to apply for all the studied compositions with palladium. However 
in the case of nickel activation the slopes vary with nickel content.
Sim ilar results of n values are  obtained when using volume 
param eter data (Figs. IS and 16),
There is  a close agreement between the rate  exponent of 1/2 for
(14)nickel activation and that obtained by Brophy e t, al ; who also
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used same concentrations very near the optimum*
(15)Using 16 tim es the optimum concentration of palladium Brophy et* al 
obtained a rate  exponent of 0.39, which is quite different from  that 
obtained here (1/2) by using optimum concentration.
The rate  exponent does not seem to be affected by the presence of 
thoria partic les.
By the use of F ig . 12 and 13 the activation energy plots of F ig . 14 
were prepared. These curves were determined by plotting the 
logarithm of the time necessary for 2.45 percent linear shrinkage, 
versus the reciprocal of the absolute sintering tem perature (method 
A).
Similar activation energies a re  obtained when calculated from 
volume param eters (deduced from Figs. 17, 18 and 19) as suggested 
by Kothari ^ 9 ^ (m e thod  B) *
The various activation energies obtained a re  compared in Table (XVI).
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TABLE XVI
Comparision of Activation Energies*
System
Activation Energies in k cal/m ole
-
Using Method 
A
Using Method 
B
Using Method A 
after Brophy (15)
W - Pd 62.5 59.5 86.0
W -  Ni (above 970°Q 50.6 49*6 68*0
W -  Ni (below 970°C) 90.4 86*0
W -  ThO -Pd 66*7 mt ft
W -  ThO -Ni
(above 970°C) 56,5
W -  ThO -  Ni
(below 970 C) 95*1
The change in activation characteristics close to 970°C seems to be
related to the beta phase which forms at 970°C in the V/ -  Ni equilibrium 
(79)diagram (Fig*20) * The presence of the beta interm etallic compound
seems to re ta rd  the densification transport mechanism, thus giving a 
higher activation energy.
(80)The W -  Pd equilibrium diagram (Fig*21) does not show any
interm etallic phases in the tem perature range studied and it is 
interesting to note that there is  no break in the Pd-W activation 
energy versus tem perature curve*
98*
The retarding effect of thoria particles on densification appears to 
be tem perature sensitive* It decreases with increasing tem perature, 
hence giving a higher apparent activation energy for both palladium 
and nickel activation (Fig*14).
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5 . 4 . 5 A ctivator D istribution
The electron probe micro analyses have shown that on the metallog-* 
raphically prepared specimens no nickel or palladium could be detected# 
These attempts failed presumably owing to the low level and highly local 
concentration of the activator elem ents.
However the presence of the activator elements, palladium and nickel, 
was positively identified on the intergranuiar fractured surfaces *
These observations strongly suggest that* despite the fact that during 
sintering the grain size (see Fig# 22) has increased by about a factor 
of ten, giving the activator elements sufficient opportunity for 
homogenisation at the sintering tem perature of 1100°C they were stili 
segregated at the grain boundaries *
From a recent review of Segregation at Grain Boundaries by Westbrook
(73) one can draw the conclusion that, in general the relative size and
valency differences between the solvent and solute are  both important
(74)factors in determining the magnitude of grain boundary segregation 
Now, on this generalisation, considering the size factor alone, and 
assuming there are  no differences in valency, nickel should be’ a 
stronger segregator than palladium# This then may be the cause of 
tie slightly lower optimum concentration of nickel required compared 
to that of palladium.
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(a)
(b)
Fig. 22. (a) Nickel (-130 w t .% ) and (b) Palladium (-317 
w t.% ) activated tungsten. Sintered at i ,000°C for  
4 hours. Etched 2 mins. in 30 cc lactic acid, 10 cc 
H N O s, and IO c c HF. x  250.
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It is interesting to note that various additions, especially MgO and
NiO, that activate the sintering of aluminium oxide, also segregate to
<75)the grain boundaries
infix nn\
It has been demonstrated by Lucke and Detert , by Cohn , by
(78) (79)Gordon and Vandemeer and by Machlin that the presence of
solute affects grain boundary migration.
These observations on segregation and its effect on grain boundary 
migration, a re  important in connection with the la ter sections dealing 
with mechanical properties*
5. 4. 6. The Sintering Mechanism in Metallic Activation
Densification is obtained by activation sintering at such low tem peratures 
and tim es, that one can easily neglect mechanisms involving m ass 
transfer of tungsten atoms through pure tungsten.
Over-activation takes place with both Pd and Ni additions; as the 
thickness of the activator coating increases beyond the optimum value, 
that rate of densification decreases. This suggests that both palladium 
and nickel activation a re  diffusion controlled processes as opposed 
to other possible sintering processes discussed in the literature survey.
The lower densification rate observed in the thoria doped specimens, 
tends to eliminate a process controlled by the solution rate  of tungsten 
in the activator, because if it were controlled by this la tte r mechanism 
small amounts of thoria (assumed to be inert to both tungsten and
activator)^should not reduce sintering ra te s . On the other hand, it is
)
expected that diffusion controlled processes will be affected if the m ass 
transport path is increased through having to go around thoria 
particles.
The activation energy for the process of volume diffusion of tungsten
(37)in nickel is reported to be 76* 8 K cal/m ole . Using the empirical
relationship discussed in the literature survey, that Q = 0*5 Qv
and Q , = 0 .7  O , we obtain Q of 38,5 K cal/m ole and Q of g .o . v s g.b.
53.9 K cal/m ole. The activation energy for the nickel activated 
sintering process using volume param eters was found to be 49,6 
K cal/m ole. This lies between the estimated activation energies for 
surface diffusion (Qg) and grain boundary diffusion (Q^ and can 
only be taken to support the view that a controlling mechanism based 
on the volume diffusion of tungsten through nickel is unlikely,
Brophy and his colleagues ^  have postulated a model for nickel 
activation of tungsten, which is illustrated in F ig , 23. Tungsten diffuses
105
o
Nickel
Figc 23c Schematic representation of sintering , , x
nickel-coated tungsten particles * (Brophy eto al)
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through the nickel c a rr ie r  phase away from the line joining the centres
of adjacent particles and is redeposited elsewhere on the tungsten
particles as shown by the arrow s. The overall driving force is concentrated
along the line of centres between particles where increased solute activity
causes outward diffusion. This model is geometrically analogous to
(33)the sintering model postulated by ICingery , in which the c a rr ie r  
phase is a  liquid.
(75)Jorgenson and Westbrook have however critisised  the idea that an 
adsorbed film , equal to or less than a monatomic layer, should be 
regarded as a liquid phase.
Although the centre to centre distance between the two particles would
decrease, th is model would not in fact produce the generally observed
(23 27 81)necking when two particles bond together in sintering } *
(71)According to Kuczynslci the s tre ss  at the neck causes a pressure 
on vacancies in the neck area to be g rea ter than under a flat surface.
Thus there exists a  gradient of vacancy concentration in the neck region, 
which causes surface (and volume) diffusion of atoms from distant parts , 
and the in terior of the system to the neck area*
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Fig. 24. Cross section  o f  nickel coated tungsten  w ire  on  
tungsten  plate after a heat trea tm en t  of 16 
hours at l,000°C. Etched in dilute N a O H /K 3Fe 
(C N )6. x  250.
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An experimental model was devised, in order to test this hypothesis 
on a macro scale. A thin layer of nickel was electroplated on to tungsten 
wire and this was then placed on the polished surface of a tungsten 
sheet. The assembly was treated for 16 hours at a tem perature of 1000°C 
in a hydrogen atmosphere. The cross section of the bond between wire 
and the sheet, after metallographic preparation, is shown in Fig. 24, 
There is no evidence of outward diffusion and disposition of tungsten atoms 
as indicated by the arrows in the model of Fig. 23.
Consequently an alternative hypothesis has been evolved in which 
the metal flow is outlined by the arrows in Fig. 25.
Low concentrations of the activator, equivalent to a monolayer 
or less are  considered as just *modified’ surface. Therefore at and 
below optimum concentration of the activator the controlling mechanism 
is taken to be that of surface diffusion of tungsten on this ’modified* 
tungsten surface. However, grain boundary diffusion will be the 
controlling factor at very low concentrations when there is no easy 
modified surface channel between void areas in the compact in terior and 
the free surface.
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Tungsten
Activator
Fign 25o Schematic representation of sintering 
"activator* coated tungsten particles4
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With thicker activator coatings the mass transport is taken to consist 
of the following processess:
(a) dissolution of tungsten at the activator-tungsten interface
(b) volume diffusion of tungsten through the activator (ca rrie r phase)
(c) surface diffusion of tungsten on the activator
)
(d) uphill volume diffusion through the activator due to a reduction of 
surface energy by deposition of the tungsten atoms to give the well- 
known necking at the point of contact.
As the thickness of the coating increases beyond a monolayer the volume 
diffusion steps become more important, leading to slower densification.
This phenomological hypothesis, while more in accordance with 
experiment than that of Brophy et, a l,,  does not of course indicate why 
nickel and palladium have the power to modify extensively the tungsten 
surface or the surface diffusivity . In order to clarify this point, 
further experiments were undertaken which are discussed in connection 
with a more detailed theory of activation sintering in section (8)
Ill
5 , 5 , CONCLUSION
The powerful activating effect of small amounts of palladium and
nickel, using a new impregnation technique, on the sintering of
dhydrogen reduced tungsten pov^er, has been investigated.
)
Activation energies and ra te  exponents for the sintering process have 
been obtained* It has been shown that the activator segregates a t the 
grain bounderies.
A general analysis of the possible sintering mechanisms has been 
made which suggests that the movement of tungsten atoms takes 
place through a series of steps in which surface diffusion of tungsten 
on the surface of the activator is  the key step.
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6. SOME MECHANICAL PROPERTIES OF ACTIVATION 
SINTERED TUNGSTEN
6. 1. INTRODUCTION
As has been mentioned in section 3, the object of the investigation 
was to ascertain the mechanical properties of activation sin ter ed 
tungsten as well as studying the sintering kinetics*
In the case of halogen activation, the gaseous activator tends to 
spherodise the residual pores, thereby reducing their effects and the 
strength can be expected to be higher than for test-pieces sintered in 
hydrogen alone.
The side effect of purification by the activator gas, especially a 
reduction in oxygen can be expected to lower the brittle-ductile 
transition tem perature and also to produce a  general improvement 
in ductility.
The m etallic activation sintered test-pieces were expected to have 
strengths and ductilities very much dependent on the properties of 
the remaining activator element in its segregated positions at the 
modified tungsten grain boundaries.
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6. 20 APPARATUS
6. 2, 10 Cold Bending tests
These tes ts  were carried  out at room tem perature on a standard 
2 ton beam bench type, motor driven, Hounsfield tensom eter, 
using a miniature three-point loading attachment* The load was 
applied centrally at a rate  of 0 .2  mm/minute, to the test-pieces, 
supported by knife edges 10 mm apart, the stress at fracture opposite 
the central knife edge being calculated as follows.
If P is the applied load, in lbs, 1 the distance between supporting
knife edge in inches, b the width of the specimen in inches, and h
the thickness of the specimen, in inches, then the bending moment,
H7M= 4 lb . in . and the maximum stre ss  or bending strength.
Smax — T lb/in -— (16)
bh2
6, 2. 2. Hot Bending te s ts .
An apparatus was designed to tes t for ductility at tem peratures above 
the normal ductile-brittle transition tem perature of tungsten. A 
photograph of the apparatus is shown in F ig. 26 and illustrated 
schematically in F ig , 27 . The testing rig  is  mounted in a vertical 
tube furnace heated by Crusilite (silicon carbide) rods.
» —
I 14
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Fig. 26. Hot Bending Test Apparatus.
dial-
motor
■ FurnaceV\
see
Proof
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Figo 28o
ring
Figo 27o Illustration of Hot Bending Test Apparatuso
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Alumina
rods
Figo 28p Hot Bending Jigo
The test-piece is held, under three-point loading conditions, between 
two self-aligning fittings (see Fig, 28) made from a molybdenum -  
titanium alloy (Mo -  %% Ti) the load being transm itted at a rate of 
0,18 mm/minute, by means of 2 mm diameter alumina - rods, The 
two supporting alumina rods were 10 mm apart and the third (movable) 
rod was placed equidistant between them.
The Mo - alloy rods, the ends of which are  water-cooled, pass 
through the water -  cooled ends of the furnace, gas tightness being 
ensured by "Viton A" (high temperature) O - rings. The lower rod 
bears on a proof -  ring fitted with a dial -  gauge and the load is 
applied to the upper rod. An electric motor with two different 
reduction gears drives a screw jack to provide linear movement,
A hydrogen atmosphere is maintained in the furnace tube, the 
tem perature of which is measured by a Pt/Pt -  13% Rh thermocouple,
6. 2, 3. Hot Compression Tests
Bending tests  results a re  very sensitive to the nature of the surface 
of the specimen. Some specimens were soaked in molten copper 
so that the surface was either copper coated or oxidised due to the 
nitric acid used to remove the copper. Hence a hot compression 
test was developed to test for ductility, being much less dependent on
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Argon
specimen
Alumina rods —^
tube furnace
Pressure
gauge iHydr&ulic press
Figo 29o Hot Compression Rigo
surface properties than the bending test*
Hot compression was carried  out in a standard hydraulic p ress 
fitted with a p ressu re  gauge (Fig* 29). The test-piece was heated to 
the testing tem perature by a 'Nichrome* wound tube furnace, which 
was continously flushed with argon to maintain a neutral atm osphere. 
The load was transm itted to the test-pieces by two 1 inch diam eter, 
recrystallised  alumina rods.
The tem perature of the furnace was measured, a few m illim etres away 
from  the test-piece, by a Pt/Ft -  13% Rh thermocouple.
6. 3. MECHANICAL PROPERTIES OF HALOGEN ACTIVATION
SINTERED SPECIMENS.
6. 3, 1. Material and Procedure
Bend tests at room tem perature were carried  cut in the apparatus 
that was described in section (6.2.1.)
The test-pieces were prepared the same way as for the sintering 
kinetics studies (section 4 .2 .2 .)  and heat treated in hydrogen alone, 
or in hydrogen + bromine atmosphere as described in section (4 ,3 .)
Some specimens were tested in the *as heat treated* condition while 
others were given a slight polish by emery paper, down to 400 grade. 
Another se ries of specimens were subjected to hot bending tests by 
the apparatus described in section (6 .2 .2 .)
Finally specimens were prepared for the hot compression test
(6 .2 ,3 ,) by the procedure described in section (4 .3 .) and sintered
for 4 hours at 1400°C in H and H0 4- Br atm ospheres, Test-piecesz z z
were prepared to 4 x 4 x 5 mm, special care being taken to ensure 
that the two 4 x 4  mm ends were ground parallel.
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6. 30 20 Results and Discussion
The resu lts of the room tem perature bend tests a re  listed in 
Table VI and a re  plotted against density in Fig* 30, Curve A, 
refers to tes ts  made without surface treatm ent after sintering and 
shows points considerably scattered about a straight line.
The processing conditions by which the density was attained only 
seem to affect strength to a minor extent, and it does not seem 
possible to correlate strength rigorously with conditions of processing. 
However, some trends can be observed, for example, test-pieces 
sintered in a bromine -  containing atmosphere for long tim es at 
1500 -  160G°C (see Table VI) have lower strength than those 
sintered in hydrogen*
Abrading (polishing with fine emery paper) the surface of the 
test-pieces before testing has the general effect of increasing 
the bend strength of activated-sintered test-pieces, and reducing 
the bend strength of non-activated sintered test-p ieces. The 
scatter of resu lts is alm ost eliminated (Curve B)« All test-pieces 
fractured in a b rittle  manner so that the surface f inish is 
particularly important.
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Fig, 30 Effect of density on bending strength
In order to determine and compare the ductilities of H_ and 
H + Br treated test-p ieces, hot bend tests were carried  out 
between 300° and 1QG0°C in a hydrogen atmosphere * All of the 
specimens tested failed to show any ductility in hot bend tests ,
Considering the relatively large residual porosity in these m aterials 
it is not suprising that they were very weak in tension and fractured 
without deformation.
The compression tests were carried  out between 200° to 600°C in 
an argon atm osphere. The resu lts a re  shown in Table XVII and 
plotted as percent reduction in length versus testing tem perature 
in F ig , 31.
Two test-pieces were used to obtain each tabulated resu lt. One 
specimen was f irs t fractured and the load noted. The other 
specimen was loaded up slowly to the fracture load minus 400 lbs, 
and then the specimen was taken out after every extra 200 lbs 
loading, and examined for cracks. Thus the length measurement 
from which percent reduction was calculated re fe rs  to the maximum 
load where the specimen did not show any observable cracks.
Although this appears to be a ra ther crude testing method, both 
types of specimens were given the same testing procedure, and it
is legitimate to compare their ’ductilities1.
Examining the results of F ig . 31 it can be seen that the b rittle - 
ductile transition tem perature (in compression) for the activation 
sintered tungsten is about 360°C while that for non-activated 
tungsten, which was treated under sim ilar conditions (in a hydrogen 
atmosphere) is about 425°C. Thus halogen activation results in a 
lowering of the brittle-ductile transition tem perature range, as 
expected from  the resu lts of the oxygen analysis (4 .5 .2 .)
The results also show that the halogen treated specimens have more 
than twice as much ductility as hydrogen treated specimens, 
above the brittle-ductile transition tem perature zone.
This la tte r improvement can be associated partly with higher 
densities, but probably it is mainly due to the more rounded 
nature of residual pores of the halogen activated specimens.
6 . 3. 3, Conclusions
F or specimens sintered in the tem perature range of 1300° to 
1600°G, at equivalent densities bromine -  activated test-pieces 
show a higher strength a t room tem perature.
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The brittle  -  ductile transition tem perature range is lowered by 
about 65°G as a result of bromine - activation* This is probably 
associated with a reduction of oxygen content.
At tem peratures above the brittle  -  ductile transition zone the 
halogen activated specimens appear to have more than tv/ice as 
much ductility than non-activated specimens*
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6. 4. MECHANICAL PROPERTIES QF METALLIC ACTIVATION
SINTERED SPECIMENS
6. 4 , 1Q M aterials and Procedure
A series of specimens were cut from the previously mentioned 
batch of *as pressed* tungsten b ar (section 5 .2 .) having been 
impregnated by the method described under the kinetics of 
sintering (5 .2 . and 5 .3 .)  to give various nickel and palladium 
contents and were sintered at 10G0°C for 20 hours. Another 
series of specimens having a constant optimum (0.130 weight 
percent for nickel and 0.317 weight percent for palladium) 
activator concentration, (section 5 ,3 .2 .)  were also sintered 
for 20 hours but at different tem peratures (between 85Q°~ 1200°C)
After measuring the densities (section 4.4.1) of the various types 
of specimens, they were tested by the room tem perature bend test 
described in section (6,2.1.)
A large number of specimens containing optimum amounts of 
activator were also tested by hot bending (section 6 .2 .2 .)  in the 
tem perature range of 500° -  1300°C.
Some hot compression tes ts  of specimens with optimum activator 
content were carried  out in the range of 400° -  900°C.
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6. 4 . 2. Results and Discussions
The bend strength was calculated by the method described in 
section (6.2.1.) and the results a re  shown in Tables XVII and XIX 
when activator concentrat ion was varied and Tables XX and XXI 
when sintering tem perature was varied.
Studying the resu lts of bend strength versus composition (Fig 32 
and 33) it is apparent that there is  a trend sim ilar to the composition 
dependence of linear shrinkage (Figs. 9 and 10). Maximum 
strength is  obtained with optimum activator concentration.
Further additions of activator reduce the strength slightly for all 
four types of specimens.
The dependence of bend strength on density is shown in the same 
figure. F o r the same density (especially at the lower densities 
corresponding to lower activator contents) nickel activated 
tungsten appears to be stronger for both thoriated and non-thoriated 
specimens than palladium activated tungsten.
The dependence of bend strength on sintering tem perature is 
shown in F igs. 34 and 35 for nickel and palladium activation 
respectively. Bend strength increases with density and increase 
of sintering tem perature in the tem perature range studied.
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Examination of the fractured surfaces under the microscope showed 
that the fracture was entirely intergrannular in nature*
Because of the inherent brittleness of tungsten, the room tem perature 
brittleness and the associated intergrannular fracture of the activation 
sintered test-pieces are  not by themselves strong enough evidence that 
the weakness a rises  from the presence of the activator at the grain 
boundaries* Further tes ts , were carried  out above the normal 
ductile-brittle transition tem perature of tungsten in order to give 
a better indication of the effect of the activator. Such hot bend tests 
have shown a complete absence of any ductility (in term s of 
measurable permanent bending before fracture) even at tem peratures 
as high as 1300°C.
To check the apparatus, swaged and ground tungsten bar of 2 mm 
diam eter (obtained from Murex Ltd.) was given the same test; a 
bend angle of 45° was obtained at 600°C, without fracture* This 
check shows that the lack of ductility of the metallic activated 
specimens cannot be attributed to the method of testing.
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Hot compression tes ts  were carried  out with the knowledge that 
one can usually deform m aterials (even still containing some 
porosity) much easie r in compression than in tension. However, 
the specimens fractured (in the same way as in the hot bend test) 
at grain boundaries without any measurable deformation.
It was suggested in section (5) that a monolayer of nickel o r 
palladium on a tungsten surface or in a grain boundary gives r ise  to 
a high surface and grain boundary mobility probably by reducing 
the bonding of tungsten*
If a reduction in bond strength or surface bond energy is responsible 
for the phenomenon of activation sintering then it is not suprising 
that the resulting product also exhibits a low grain boundary strength*
6* 4* 3* Conclusions
The main controlling factor fo r bend strength appears to be the 
density of the ’as sintered* material* However, the nickel-rich 
bond especially at lower densities appears to be stronger than the 
palladium -rich bond*
Maximum strength is  obtained at activator concentrations which are 
optimum for densification*
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Metallic activation sintered specimens show zero ductility
at all tem peratures and so nickel or palladium sintered tungsten cannot
be shaped by the usual hot o r cold forming processes.
Considerable advantages might however result if it were possible 
to remove the embrittling factor and this is discussed in the next 
section*
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7* ATTEMPTED METHODS OF IMPROVING THE DUCTILITY 
OF METALLIC ACTIVATION SINTERED TUNGSTEN
7* 1. INTRODUCTION
The results of bend tes ts  and the observed fracture behaviour 
(section 6.4,2*) strongly suggest that the activator element remains 
segregated at the tungsten grain boundaries. Thus in order to improve 
ductility one is faced with the problem of altering the nature of these 
weak ’modified* tungsten grain boundaries.
Some possible methods which suggest themselves a re :-
(a) Improving the mechanical properties of the activator film*
It may be possible to add another element before sintering (say 
during impregnation), which will remain at the grain boundary with 
the activator, but which will react with the activator above the 
sintering tem perature (say H00°C) to form discrete particles of 
an interm etallic compound inert to tungsten.
A continous thin film  of activator at the tungsten grain boundary 
would then be transform ed to discrete particles of a compound, 
by vsbBt is essentially a simple post-sintering heat treatment*
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(b) Homogenisation
At the sintering tem perature the rate  of bulk diffusion of the 
activator into tungsten is negligibly small; this is one of the reasons 
why the activator rem ains at the grain boundary after sintering. By 
raising the tem perature high enough it should be possible to achieve 
homogenisation of grain boundary segregates. This should result 
in a very much reduced activator concentration at the grain 
boundaries and this should resto re  some ductility into the compact 
as a  whole .
(c) Removal of the activator
The results of the experiments,where nickel-coated tungsten 
wire was placed on a tungsten sheet surface and heat treated  fo r 16 
hours at 1000°C (Fig 24), suggest a high grain boundary diffusion 
rate  of nickel in tungsten.
It should therefore be possible to achieve a considerable amount 
of denickelisation by maintaining the nickel activated tungsten 
specimen at a tem perature where the nickel grain boundary diffusion 
rate  is  relatively high, and in an enviroment which will remove 
surface nickel while remaining inert to tungsten.
o
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7* 2. EXPERIMENTAL WORK
7, 2. 1* Disruption of gram  boundary film  of nickel
Consideration of the practical possibility of this method lead to 
the choice of titanium additions as the best tr ia l element in 
such an unknown field, on the ground of its compound forming 
tendency with nickel in precipation hardening stainless steels*
Therefore after impregnation with the nickel containing solution 
(to give 0*130 weigh percent Ni) and drying (as described in 
section 5.2*) some specimens were impregnated with titanium 
tetra-chloride in an alcholic solution, deled, then sintered at 
1000°C for 24 hours in a dried hydrogen atm osphere.
The sintered test-p ieces were hot bend tested, in the apparatus 
described in section 6*2*2* at 900°C in a hydrogen atmosphere*
7* 2. 2* Attempts a t Homogenisation
For testing the theory of eliminating brittleness by homogenisation
it was realised that relatively high tem peratures may have to be 
used, therefore a new apparatus had to be designed and built.
The test-piece was supported as shown in Fig 36 and illustrated 
in Fig 37 between two tungsten faced, water-cooled copper
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Fig. 36. H o m o g en isa t io n  A p p a ra tu s .
11*0
copper electrode 
mercury connection
•window
Figo 37o Direct resistance heating apparatus*
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electrodes. To the la tte r a direct current supply of up to 600 amps 
was provided by a Lincoln* welding generator, and the specimens 
were thus heated by a direct resistance method.
The tem perature was measured by an optical pyrometer, making
(58)the necessary emissivity corrections from standard graphs.
Mercury was used, as shown in Fig. 37, in order to allow a 
flexible connection between the electrical cable and the top electrode.
The specimen and part of the electrodes were encased in a water 
jacketed pyrex glass container as shown. To allow movement of 
the electrodes in this container, yet gas tightness, silicon-grease 
and high tem perature ’O’ rings were used.
A number of bend specimens, containing 0.137 weight percent Pd 
or 0.130 weight percent Ni of both thoriated and non-thoriated types 
were sintered at 1200°C for 16 hours in a hydrogen atmosphere, by 
the experimental procedure described in section 5 .2 . After 
polishing with emery paper down to 400 grade, some test-pieees 
were heat treated at a number of selected tem peratures for 
periods of \  hour and 1 hour in a hydrogen atmosphere in the 
aparatus described above.
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oThe heat-treated specimens were subsequently tested at 1000 C 
by hot bending to fracture* The bend angle was measured after 
fitting the two fractured halves together*
7. 2. 3. Deniclcelisation
Molten copper was chosen as an enviroment for this method of 
improving ductility, since it is  known that copper is used to 
impregnate porous tungsten specimens for metallapraphic preparation, 
on the ground that it is quite inert to tungsten at tem peratures 
between its  melting point and 1200°C.
A number of 3.7 x 4 .0  x 8,0 mm test-pieces were cut from the 
stock batch of *as pressed* tungsten bar (section 5.2) impregnated 
to give 0.130 weight percent nickel and sintered at 1200°C for 23 
hours in a hydrogen atmosphere.
The densities of these specimens were in the range of 17.78 to 
17.85 g /cc .
The apparatus used for denickelisation is illustrated in Fig. 38. It 
essentially consisted of a vertical tube furnace in which a mullite 
tube with one closed end acted as a crucible for the molten copper.
Into the molten copper, hydrogen gas is bubbled through a small 
diam eter alumina tube to ensure good tungsten/copper wettability.
1U3
Mullite tubes
;specimen
molten
copper
Figo 38o Copper soaking furnaceQ
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The specimen is lowered into the molten copper in a tungsten wire 
basket, which is  fixed to a  tungsten rod for ease of withdrawal*
The *as sintered* test-pieces were soaked for a number of 
different tim es in molten copper at 1150°C*
Bend test resu lts a re  very sensitive to the nature of the specimen 
surface and these specimens were either copper coated o r oxidised 
if n itric  acid had been used to remove the copper* Hence hot 
compression tes ts  were preferred  to bend tests to tes t for 
ductility, being much less dependent on surface properties.
Before compression testing at 700°C some specimens were 
polished on emery paper down to 400 grade to remove the copper 
coating and some pickled in warm 50:50 n itric  acid: water mixture, 
30 minutes longer than was necessary for the surface copper to be 
dissolved.
The compression tests were carried  out at a standardised slow 
rate  of loading. Two specimens were used to obtain each tabulated 
result* One was loaded to failure, the other then loaded up slowly 
to this load minus 400 lbs.
This specimen was then taken out after loading with 200 lbs 
increments until it fractured or a crack appeared* Thus the 
measurement from which percent reduction in length was calculated 
refers to maximum loading conditions for which the specimen did 
hot show any observable crack.
Although this appears to be a rather crude testing method, it was able 
to show any obvious improvements in ductility and it served this 
purpose well.
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7. 3 o RESULTS AND DISCUSSIONS
After obtaining lower bend strength results in fiJenium-containing 
specimens without any ductility, (sim ilar to thoriated tungsten) it 
was realised that titanium chloride in contact with a ir  will oxidise 
to an oxychloride, which on therm al decomposition (even in a dry 
hydrogen atmosphere) will result in an oxide*
Under the present experimental procedure (5.2.) metallic titanium 
could not be introduced in any other way.
The addition of titanium as a fine powder before pressing was 
considered, but this was not pursued on the grounds that the amount 
of oxygen and carbon in the basic tungsten powder (see section 5 .2 .) 
would again convert the small amount of titanium theoretically needed, 
to an oxide or carbide. Since these compounds have a higher free 
energy of formation than titanium in tungsten solid solution their 
formation cannot be prevented even if oxidation of fine titanium 
powder could be avoided during specimen preparation.
The results of attempted homogenisation of palladium activated 
specimens on the bend angle before fracture at 1Q0Q°C are  shown 
in F ig . 39,
As can be seen from the bend angle figures there is just a slight 
additional ductility (see also Table XXII),
The curve shows that between 1800° to 2000°C some ductility is 
introduced, which unfortunately (for non-thoriated test-pieces) 
falls again with a one hour treatm ent above 2200°C. It is  suspected 
that this is due to grain growth which was observed to increase to 
a maximum with specimens treated at 2400°C .
The results fo r thoriated tungsten,,where grain growth is  retarded, 
to some extent, seem to confirm th is .
Examination of the fractured surfaces under the microscope shows 
that some cleavage fracture exists in addition to grain boundary 
failure.
The treatm ents given to the nickel activated specimens, namely 
homogenisation for 1 hour at 1500, 1800, 2000, 2200 and 2400°C 
in a hydrogen atmosphere, did not appear to have changed their 
b rittleness.
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There was no evidence of any permanent bending before fracture .
This suggests that nickel, although theoretically it should have 
dispersed from the grain boundaries, p refers to segregate at the 
grain boundaries like certain elements in various other systems 
(W e s tb ro o k )^ ^ .
A comparision of the Ni -  W (Fig. 20) and Pd -  W (F ig .21) equilibrium 
diagrams shows that a t the homogenisation treatm ent tem peratures 
used, the solubility of Pd in W is much higher than that of Ni in W.
The results in Table XX111 show to what extent the hypothesis of 
improving the ductility of nickel activated specimens by 
denickelisation is valid. The f irs t impression is that the ductility 
increases as the denickelisation takes place, until the process is 
completed, after which the ductility falls, probably due to a slow 
but long term  reaction between molten copper and the tungsten 
specimens.
However a ll such sintered specimens still contain some 5 percent 
porosity. If the residual porosity is filled up by copper, notch 
effects will thereby be reduced and this could be an alternative 
explanation for the increased ductility. However n itric  acid 
pickling treatm ents, which should have re-opened such copper
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TABLE XXIII. 
Compression test results at 700 °C.
Soaking
Time
(h)
in molten Cu at 1150 °C
Surface
Treatment
9-
Reduction 
in length
0 polished 0
0 pickled 0
2 polished 13.5
1
2 pickled 12.1
1 polished 20.8
1 pickled 19.6
2 polished 22.7
2 pickled 28.3
5 polished 32.4
5 pickled 38.1
16 polished 21.2
16 pickled 22.5
23 polished 24.6
23 pickled 19.0
filled pores did not seem to have any effect on ductility. 
Therefore it seems that increased ductility is basically due to the 
liquid copper treatm ent inducing denickelisation.
7, 4. CONCLUSIONS
Three methods have been postulated to deal with the problems of 
brittleness of metallic activation sintered tungsten*
A homogenisation treatm ent was found to increase the ductility 
of palladium activated tungsten, but not of nickel activated tungsten. 
The reason appears to be associated with the differences in solubility 
of Pd and Ni in tungsten a t the homogenisation treatm ent tem peratures
However the method of denickelisation by treatm ent with molten 
copper appears to resto re  quite an appreciable ductility to nickel 
activated tungsten*
8 OTHER METALLIC ACTIVATION SINTERING SYSTEMS
8 .1 .1 . INTRODUCTION
As shown in section 5 .1 , iron, chromium and copper only slightly 
affect the sintering of tungsten at 1000°C, while nickel and palladium 
activate tuigsten markedly. It would be very useful to determine the 
general re  juirem ents for an element to be a good activator for 
sintering any other element. From  the experiments already discussed 
it appears that the factors outlined in Table XXIV may be all involved, 
although some of these will be interconnected.
TABLE XXIV 
Activator Requirements
Factor Requirement
1. Solubility of Activator in Substrate Low
2. Solubility of Substrate in Activator High
3. Diffusion of Activator in Substrate Low
4. Diffusion of Substrate in Activator High
5. Electron exchange affinity of Activator High
6. Compound formation tendency between 
activator and substrate Low
7. Size factor High
8. Crystallographic matching Low
9. Adsorbtion and grain boundary segregation High
As many of the above factors also vary with tem perature, it is  
necessary to exercise caution where the available param eters do 
not re fe r to the sintering tem perature.
In order to find out more about the relative importance of these 
various factors o r c rite ria  further experiments were conducted 
with different activators and on m aterials other than tungsten.
8. 2 MATERIALS AND PROCEDURE
8. 2. 1 Standard Impregnating Solutions
Standard impregnating solutions were made up as described in section (5) 
to give 0.130 weight percent of the element concerned in tungsten, 
with the exception of palladium where the solution was made up to 
give 0.317 weight percent (previously determined to be optimum 
concentration) see Section (7).
Impregnation, drying and reduction of the halide was carried  out 
by the procedure described in section (5.2).
8. 2. 2 Test Pieces
(a) Tungsten
The same batch of tungsten and the same size of specimens were 
used as previously described in section (5.2),
One group of specimens was impregnated with the standard Au, Ag,
Cu, Co, Fe, Cr, Ni, Pd, Pt or Mh solutions.
Another group of experiments was carried out where the activating 
m aterial was deposited by mixing two standard impregnating solutions 
together in measured proportions. This allowed a study of alloy 
activator in the following ternary systems:
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(i) W - Ni -  Fe (iv) W - Ni - Mh
(ii) V/ - Ni -  Co (v) w -  Ni - Pd
(iii) w - Ni -  Cu (vi) w -  Co - Cu
(b) Molybdenum
The molybdenum powder was obtained from Koch-Light Laboratories 
L td ., and had a particla size of 7-8 microns and a purity of 99.99% Mb,
Discs of \  inch diam eter having a height of 3mm were compacted 
a t a  p ressu re  of 15 tons/sq .in . The resultant green density of the 
obtained specimens was 6,450 g /cc .
The test-pieces were impregnated by the standard solutions of C r,
Ag, Cu, Fe Co, Pt, Ni o r Pd.
(c) Chromium
Murex chromium powder was used, having a particle size of B .S.S. 
*200 mesh, and the composition listed in Table XXV.
TABLE XXV
Chemical analysis of Murex Chromium powder
Cr -  99% m in. S -  0.02% max.
A1 ** 0.35% max. P -  0.01% max.
Fe -  0.30% max. Mh -  0.10% max.
Si -  0.25% max. Pb -  0.002% max.
C -  0.02% max.
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Discs of ^ inch diam eter having a height of 3 mm were compacted 
at a p ressure  of 15 tons/sq<,in0, giving a green density of 3.994 g /cc .
The specimens were then impregnated by the standard solutions 
containing Cu, Ag, Fe, Co, Pd or Ni.
(d) Niobium
Murex niobium powder was used, having a particle size of 
B .S .S. -  200 mesh, the composition is listed in Table XXVI.
TABLE XXVI
Chemical analysis of the Niobium powder
Nb -  99% min. C - 0,10% max.
Ta *• 0.05% max. o to • 
i 0.30% max.
Si -  0,04% max. H2 - 0.30% max.
Sn 0.01% max. N2 " 0.30% max.
Fe -  0,03% max. Ti - 0.01% max.
Again discs of ^ inch diam eter having a height of about 3 mm were 
compacted at a p ressu re  of 15 tons/sq . in ., giving a green density 
of 5.006 g /cc .
The green compacts were then impregnated by Ni, Co, Pd, Mn and 
Fe standard solutions.
8. 2. 3 Sintering Procedures
A standard sintering tem perature (1000°C) and time (20 hours) 
were used for all the specimens studied.
In order to study the effect of sintering tem perature on some of 
the activators 0.13 weight percent of Cu, Ni, Co, Fe and Ivin 
containing tungsten compacts were sintered for a constant time of 
20 hours at tem peratures of 900, 1000, 1100, 1200 and 1300°C,
In all cases a hydrogen atmosphere was used for sinteringwith 
the exception of niobium specimens where purified argon was used 
to avoid hydride formation.
8, 3 RESULTS
8. 3 , X Binary systems involving Tungsten
The resu lts of the various additions on the densification on tungsten 
compacts sintered at 1000°C for 20 hours a re  shown in Table XXVII, 
TABLE XXVII
Activating power of various m etals on the sintering of tungsten a t 1000°C .
Activator DensityDs
g/cc
D - Ds o.
Activation % 
{D -  D \
{— ----- - -1 100
V 0.18 /
Pure W 10.58 COH* 0
Au 10.69 .29 61
Ag 10.65 .25 39
Cu 10.62 .22 22
Co 11.49 1.09 474
Fe 11.27 .87 372
Cr 10.63 ,23 27
Ni 17.04 6.64 3590
Pd 17.90 7.50 4070
Pt 15.40 5,00 2670
Mh 10.75 .35 94
The activation param eter for the various elements was calculated 
by using the equation:
Here Dg is the sintered density, the green density and the 
subscripts x and w refer to the activated and pure tungsten systems 
respectively*
8. 3 , 2 Binary systems involving other metals
The activation of Molybdenum, Chromium and Niobium was 
investigated because these transition m etals have a sim ilar 
electronic configuration to tungsten.
The effect of small additions of a number of selected elements on 
the densification of molybdenum compacts sintered at 1000°C for 
20 hours is  shown in Table XXVIII.
TABLE XXVni
Activating power of various m etals on the sintering of Molybdenum
Activator
Density
Ds
g/cc
D - D  I
S 0
Activation %
D - D 1  
— ------ .  i j  100
.  0.01 J
Pure Mo 6.52 .07 0
Cr 6.51 .06 -20
Ag 6.52 .07 0
Cu 6.55 .10 43
Fe 6.68 .23 229
Co 6.71 .26 271
Pt 6.81 .36 414
Ni 7.15 .70 900
Pd 7.34 .89 1170
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The resu lts of Cu, Ag, Fe, Co, Pd or Ni additions on the densification
oof chromium compacts sintered at 1000 C for 20 hours are  
presented in Table XXIX*
TABLE XXIX
The activating power of Cu, Ag, Fe, Co, Pd and Ni on the 
sintering of Chromium „
Activator
Density
Ds
g/cc
D ~D s 0
Activation %
[d - d  1
y s inn1  “ j L y  1 U U
[  0.014 j
Fare Cr 4.008 .014 0
Cu 4.028 .035 150
Ag 4.034 .040 186
Fe 4.033 .039 179
Co 4.039 .045 221
Pd 4.113 .119 750
Ni 4.125 .131 836
The resu lts of Ni, Co, Pd, Mn or Fe additions on the densification
oof Niobium compacts sintered at 1000 C for 20 hours are  shown in 
Table XXX.
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TABLE XXX
The Activating power of Ni, Co, Pd, Mn and Fe on the sintering of Niobium
Density Activation %
Activator D D - D fo  -  D 1s
g/cc
s o ----- 2. - j l  100
L 0.031 J
Pure Nb 5.037 .031 0
Ni 5.150 .144 364
Co 5.221 .215 593
Pd 5.214 .208 571
Mn 5.042 .036 16
Fe 5.133 .127 309
8. 3 . 3 Ternary Systems
The total activator content was kept constant* at the optimum value 
obtained for nickel activation (0.13 wt.%). This value was shown to 
yield approximately a monolayer (section 5 .4.3) of the activator on 
the surface of the tungsten particles in the case of nickel. It was 
thought best to keep to this value for alloy activators, as any 
corrections for atomic percentages could well be offset by the 
optimum coverage factor being different in the opposite direction.
A sintering tem perature of 1000°G and sintering time of 20 hours 
were kept constant as for the binary system s.
* F or palladium the value used was 0.317 wt.% see section 5 .4 .3 .
The resu lts a re  summarised in Table XXXI and for the systems 
Ni-Fe, Ni-Co, Ni~Gu, Ni- Mn and Co-Cu are  also plotted as 
densification parameter* versus activator composition in F ig .40,
The activator composition dependence of tungsten densification for 
the Ni-Pd system is  shown in Fig. 41.
8. 3. 4 The Effect of Temperature
The previous experiments were restricted  to 100Q°C in order to 
keep the number of variables to a minimum. However by varying 
the sintering tem perature with a number of selected activators, the 
effect of important changes, such as melting, phase transform ations, 
and magnetic transformations of the activator element, may be 
observed.
The sintering time for these experiments was kept constant at 
20 hours and the tem perature was varied between 900° to 1300°C.
The resu lts a re  shown in Table XXXII and illustrated graphically 
in F ig. 42, by plotting log densification param eter against the 
reciprocal of the sintering tem perature.
* Densification param eter
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8 . 4 DISCUSSION O.F BASIC MECHANISMS
In order to analyse the relative importance of the factors summarised 
in Table XXIV in relation to experimental results on activation, it 
is  useful to consider also the relevance of other properties for 
which data is  available* This information is  summarised in Tables 
XXXIII and XXXIV.
The presence of a thin film (1 or 2 atomic layers) of another metal
oon a tungsten surface at a tem perature of say 1000 C, may involve 
the following effects:
(a) Physical adsorption to the tungsten surface.
(b) Chemisorption leading to electronic transfer.
(c) T ransfer of tungsten atoms into the adsorbate where it has 
three possibilities of further movement as shown schematically 
below:
(i) Evaporation in direction X
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(ii) ’Volume" diffusion in direction Y in the adsorbate
(iii) Surface diffusion in direction Z
Evaporation, although possibly eased by weaker W-Ni compared to 
W-W bonds can be dism issed as an effective mechanism because
the vapour pressure  of tungsten is negligible a t these tem peratures.
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8. 5 CORRELATION WITH PHYSICAL PARAMETERS
The relationship between the activating power of the transition 
series Cu, Ni, Co, Fef Mn and Cr to the properties listed in Tables 
XXXII! and XXXIV is shown in F ig043, and the following conclusions 
can be drawn:
8. 5. 1 Diffusion
Relatively little difference exists in volume diffusion ra tes  between
(83)tungsten and this series of transition metals . Thus volume 
diffusion of tungsten in the activator cannot account for the observed 
difference in activation.
No data is  available on the surface diffusion of tungsten on these 
m etals. Estim ates of surface diffusion ra te s , from volume diffusion 
data (section 2.3 .5) is  difficult even in the case of pure m etals and 
seems unprofitable in the present complex situation.
8. 5 . 2 Size Factor and Surface Energy
Size factor and surface energy of the added elements also appear 
to be relatively unimportant as far as the activation efficiency of 
the elements with respect to tungsten is concerned.
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Key to Fig;. ^3.
Curve
---- -------- ---------------- ---
Parameter Conversion*
a Densification at 1000°C, D Log D = X - 8 A
■b W solubility at 1000°C, at. % at = 8/3. X
c d-shell affinity, Pe Pe = X
d Solubility in W at 1000°C9 at. % at,% = 8/3 X
e Melting point, °C °C = 1000 + 200 X
f Work function, eV eV = 3.3 + X/5
g Surface free energy, ergs/cm^ ergs/cm^ = 300 + 200 X
*-where X = scale on Fig. k3*
8, 5 . 3 M elting Point and Solubility in Tungsten of A ctivator
There seems to be a cross~correlation between the melting point 
of the added element (curve e) and its solubility in tungsten (curve d), 
but neither of these curves really resem bles the activation curve,
8, 5. 4 Solubility of Tungsten in Activator
The solubility of tungsten in the added element (curve b) does show 
a sim ilar type of curve to the densification curve, indicating the 
importance of this factor in determining activation. However this 
cannot be the only factor responsible for good activation since the 
solubility of tungsten in chromium is about 10 a t, percent at 1000°C, 
and yet the activation efficiency of chromium is less than that of 
manganese in which tungsten has no measurable solubility at a ll.
8. 5, 5 Electron Transfer Parameter
The electronegativity, work function and d-shell filling were 
considered for the purpose of obtaining a m easure of possible 
electron transfer.
Electronegativity or ra ther the difference in electronegativity 
between tungsten and the activator correlates to some extent with 
compound formation tendancy (see F igs, 20, 44 and 45) but does 
not correlate with activation tendancy directly, and this might be
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expected since polar bonding would res tric t mobility 0
Electronegativity is also difficult to estimate for the transition metals 
because of their variable valency and for this reason it has been 
suggested that the work function is a better measure of electron
/ O Q V
affinity with such metals « This also has the advantage in this 
case that it represents a surface property.
Although there is still no agreement on the precise filling of the 
3d band there is no doubt that a number of electronic properties 
such as specific heat indicate a marked peak in the density of states 
in the vicinity of the Nickel group, and that the alloying behaviour 
of nickel is strongly affected by the number of holes in the d-shell
The particular d-shell param eter (P ) plotted in Fig*43 has beene
derived from equation (IB).
P = d - 5.8 . . .  . . .  . . .  . . .      (18)e t
where d is the number of electrons in the unfilled 3d shell, t
Copper is taken as having a filled d shell which will not take part
in any electronic combination. The figure of 5.8 has been subtracted
(90)because Robins has made quite a strong case that the maximum 
stability of transition metal compounds occurs at 5.8 electron/atom .
The remaining number of electrons (Pg) may then give an indication
of the tendency of the transition metals to complete the d-shell 
(by analogy with the completion of octets in other regions of the 
periodic table).
Both the work function and the d-shell param eter indicate a marked 
peak at nickel sim ilar to the densification param eter curve (see 
F ig .43). This suggests that a high electronic interchange affinity 
for d electrons will lead to a high activation tendency in the 
sintering of tungsten.
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8. 6 SINTERING CHARACTERISTIC OF OTHER TRANSITION METALS
The results obtained for molybdenum, chromium and niobium are  
sim ilar to those obtained with tungsten but on a much reduced 
scale (see Tables XXVII to XXX) .
The same factors should apply to these elements, but it is 
difficult to make comparison because there is a large 
difference in powder characteristics (see section 8.2.2) and so it 
is not considered worthwhile to pursue the comparison with 
tungsten any further.
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8 . 7 THE E FFE C T  OF ALLOYING
The effect of diluting (alloying) nickel with iron, cobalt, copper, 
manganese and palladium on the densification of tungsten is  shown 
in F igs. 40 and 41*
The Ni-Cu and Ni-Mi systems show sim ilar behaviour and this 
again emphasises the importance of the solubility and electronic 
fac to rs. Manganese and copper both fill the d-shell when added to 
nickel, after which there may be no capacity to interchange electrons 
with tungsten. Both systems also show negligible solubilities.
The resu lts of activation with N i-Fe, Ni-Co and Ni-Pd alloys are  
very interesting since they indicate that some alloys may be better 
than pure nickel in activating the sintering of tungsten. It is  known 
that there is  considerable electronic interaction between these 
elements and it seems that this can lead to optimisation of the 
subsequent electronic interaction with the tungsten m atrix. This 
will be discussed further in relation to the effect of tem perature.
Specific heat measurements at low tem peratures indicate a peak
in the density of states for palladium-nickel alloys at approximately 
(91)20% Ni . Although in Fig. 40 the peak in densification is  at about 
60% Ni, it may be argued however that it is  possible, in this case
that the higher tem perature, the presence of tungsten and the nature 
of the Pd-Ni layer shifted the peak.
Even for an apparently simple system like nickel-palladium, no
reasonably simple bond picture is  adequate for describing a
(91)variety of properties with more than qualitative accuracy
* .  •
Activation by a 50/50 Co~Cu alloy was investigated in order to see 
if this would simulate nickel as these elements lie on either side 
of nickel in the periodic table. Densification was not as high as for 
nickel, but it is interesting to note that the densification obtained 
is noticahly higher than for cobalt and copper individually despite 
the fact that there is  little o r no interaction between copper and 
cobalt*79*.
8. 8 THE EFFECT OF TEMPERATURE
o oThe sintering tem perature was varied between 900 C and 1300 C 
in order to study the effects of the following factors on densification:
(1) Passing through the melting point of the activator#
(2) Passing through the Curie tem perature of the activator.
(3) Passing through a compound formation tem perature,
(4) Desegregation at grain boundaries.
The effect of sintering tem perature on the densification of tungsten 
containing equivalent amounts of Cu, Ni, Co, Fe and Mn is shown 
in Fig, 42.
As it has already been shown that the solubility of tungsten in the 
’activating1 element seems to be important at 100O°C, the 
tem perature dependence of the solubility figures is  listed in 
Table XXXV.
TABLE XXXV
(19 80)The solubility of tungsten at various tem peratures ' *
Solute
900
Tungsten solubility a t. % 
1000 1100 1200 1300°C
Cu 0 0 0 0 0
Ni 13 15 15.3 15.6 16.0
Co 4 7 11 13.0 13.5
Fe 2.5 3.5 4.2 5,0 6.0
Mn 0 0 0 0 0
Pd 22 22.3 22.5 22.7 23
8. 8„ 1 The Effect of Passing Through the Melting Point of
the Activator
The resu lts for manganese (melting point 1260°C) and copper 
(melting point 1083°C) give information on the effect of melting 
on the densification of tungsten.
There is  a small overall increase* in densification for manganese, 
with no indication of a break at the melting point (Fig. 42).
The break in the curve in the case of copper additions indicates a 
slight increa se in densification rate  above the melting point of 
copper. It may be that despite the fact that tungsten is  reported to
* T he~ increase  in densification is  relatively small as the 
logarithmic method of plotting the densification param eter 
gives a slightly misleading effect.
(*7Q\be insoluble in molten copper , there is  a change in solubility 
at the melting point.
The general effect of passing the melting point appears to be small 
from these resu lts, and indirectly tends to confirm that diffusion 
in the activator plays a small role*.
8. 8. 2 The Effect of Passing Through the Curie Temperature
of the Activator
The tem perature range investigated encompasses the Curie
0tem perature of cobalt (1131 C). There does not seem to be any 
marked effect at this tem perature, which suggests that the 
pairing or unpairing of electron spins does not seem to affect the 
electron interaction which leads to activation.
The marked change in activation at 1200°C Is unlikely to be a 
reflection of the uncoupling of short range magnetic order above 
the Curie tem perature because iron shows almost exactly sim ilar 
behaviour and its Curie tem perature is  only 780°C.
The change at 1200°C seems to be related to other effects, notably 
grain boundary segregation (see section 8 ,8 .4 ).
* Volume diffusion would be expected to increase markedly on 
passing through the melting point .
8 e 8 . 3 The Effect of Compound Form ation
Also bonding between atoms and diffusion of elements are
(92)
seriously affected by compound formation in the case of 
mono-layers or very thick film s it might be expected that compounds 
would not form or be considerably different in nature from those 
occur mg in bulk system s. Nevertheless marked changes in 
activation seem to be associated with tem peratures of compound 
formation in the relevant binary systems W- Ni (see F ig .s  14 and 21) 
W-Fe (see F igs. 42 and 44) and W~Co (see F igs. 42 and 45),
This effect can only be explained if such very thin layers have
sim ilar properties to the bulk m ateria ls, In fact it appears that
two dimensional lattices have suprisingly sim ilar Brillouin zone
(93)characteristics to a full three dimensional lattice , and
although there will be a shift in the electronic spectrum near the
(94)surface , layers two o r three atoms thick may well reflect all 
the compounds in the bulk system .
Thus compounds between tungsten and the activator may be 
considered as lacking the mobility of tungsten transfer.
At 900°C and 10G0°C cobalt is  a stronger activator than iron but 
considerably weaker than nickel. It is  significant that the W-Co
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and W-Fe systems (see F igs. 44 and 45) contain two intermetallic 
compounds with tungsten at these tem peratures. If the effects of 
compounds in generally inhibiting activation is taken into account, 
the fact that cobalt is a stronger activator than iron is in 
agreement with solubility and electronic interchange considerations. 
However it can be seen that by the time 1100°C is  reached iron 
becomes a better activator than cobalt; this may be explained by 
the fact that one of the iron compounds (Fe W) becomes unstable 
at 1040°C (Fig. 44) whereas in the case of cobalt (Fig, 45) the 
least stable compound (Co^W) exists up to 1100°C.
The reduction in densification rate  above 11G0°C in the case of 
cobalt and iron activation will be discussed in the next sub-section.
The existence of compounds must also interfere to some extent 
when activating by Ni-Fe and Ni-Co alloys at 1QQ0°C (see F ig .40),
Thus these resu lts cannot be analysed as rigorously in term s of 
electronic factors as might be desired. The palladium series 
namely Pd~Ag, Pd-Rh and Pd-Ru may be useful in further work 
since at least the Pd-W system (F ig .20) does not have any interfering 
compound.
8. 8, 4 Segregation at Grain Boundaries
Every system exhibiting grain boundary segregation will have an
(73)increasing tendency for homogenisation with tem perature ,
The decrease in densification rage for iron and cobalt activation 
o(Fig, 43) above 1100 C could well be due to partial solution of the
activating layer. If this is  correct there will be an optimum
activation sintering tem perature for all such system s. Nickel
seems particularly resistant to homogenisation (section 7.3) which
may be due to the very strong adsorption forces known to exist in
(95)this system .
In general a low solubility of the activator in the m atrix would be 
useful in limiting desegregation.
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8. 9 SUMMARY
(1) Tungsten, molybdenum, chromium and niobium have been 
activation sintered using a number of different activators,
(2) Activation sintering of tungsten with alloys showed that under 
certain conditions these may be more effective than individual 
activators.
(3) Cobalt and iron were found to be very good activators for the 
sintering of tungsten at 1200°C. These metals differ from palladium 
and nickel in that they appear to be relatively easily desegregated.
(4) When considering the activation efficiency of Cu, Ni, Co, Fe,
Mn and Cr it was felt that surface diffusion of tungsten on these 
elements should be an important factor, but because as yet no date 
exists it is  difficult to pursue this any further. However on 
correlating the activation efficiencies of the above elements on 
tungsten with other physical properties it was found that the two most 
important factors affecting activation were their electron transfer 
affinity and the solubility of tungsten in the activator,
i
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9. GENERAL CONCLUSIONS
The main object of this work was to reduce the normal sintering 
tem perature of tungsten. Both halogen activation and metallic activation 
of the sintering process were investigated.
In the case of halogen activation, the sintering kinetics of tungsten in 
a H + Br_ atmosphere were studied. A combination of diffusion
£ 4 £
mechanisms and evaporation'-condensation mechanisms appears to 
control the activation (section 4 ,8 ,) . However the increased 
densification due to the presence of the halogen, even at the optimum 
tem perature of about 1400° C, was found to be sm all.
Metallic activation (section 5 .5 .) on the other hand, which is controlled 
by a "modified” surface diffusion mechanism, has given a very large 
increase in densification at relatively low tem peratures, when the 
tungsten particles were coated with a few atomic layers of nickel 
or palladium, A new technique was developed, allowing the 
coating of the tungsten particles in the ’as pressed’ condition, with 
an accurately controlled layer of other metals and alloys, even 
down to a mono-atomic layer.
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There appears to be very little  sim ilarity between the mechanisms 
of gaseous and solid state activation , with the possible exception 
that in both cases adsorption and chemisorption of the activator 
on the tungsten surface will affect the mobility of tungsten surface 
atom s«
The advantage of m etallic over halogen activation is somewhat 
reduced when the mechanical properties of the so sintered 
products are  examined.
Halogen activation definitely improves the ductility and reduces the 
brittle-ductile transition tem perature of tungsten. The la tter i3 
associated with a reduction of oxygen content (section 6 ,3 ,3 ),
Metallic activation, on the other hand, gives a brittle  product at 
all tem peratures. This was found to be due to the grain boundary 
segregation of the activator (section 6 .4 ,3 .)
Some success has been attained in improving the mechanical properties 
of metallic activation sintered tungsten by a post sintering treatm ent, 
but the full ductility of tungsten cannot be attained hence there is 
clearly need for further investigations.
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The present work shows that the two most important factors in 
determining the effectiveness of metal as activator a re  high 
solubility of tungsten in the metal and electronic interchange* It 
has also been demonstrated that intermetallic compounds interfere 0
It may prove true that the necessary factors for activation are  
always associated with equilibrium diagrams of the Pd -  W type, 
but this does not exclude the necessity of investigating other 
system s, as the inhibiting effects of compounds are  not 
yet clearly understood*
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10* FURTHER WORK
There are  a large number of theoretical points on which it would 
be of great interest to have more experimental evidence. Also there 
a re  many more practical possibilities for further investigation and 
development.
It is not proposed to consider the more theoretical aspects in detail* 
Work leading to a clarification of the mechanisms of halogen 
activation of sintering should be done but until a thorough theoretical 
examination of the suggested mechanisms has been made, it is 
difficult to suggest what lines should be pursued to obtain evidence*
There a re  a number of extensions of the present work, of a more 
practical nature, which have not been done for lack of time* The 
more important topics a re  listed below*
(1) Mechanical properties of halogen activation sintered tungsten 
after a higher density has been obtained by a hot-com pression/ 
anneal cycle*
(2) An investigation of the sintering kinetics and mechanical 
properties of tungsten activated with Co, Fe (see section 8*3*4) 
and Ni o r Pd diluted with other elements (see section 8,3*3).
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(3) Sintering in a strong electro-magnetic field if it causes the 
right type of electronic disturbance should result in activation 
sintering of tungsten,
(4) The possibility of metallic activation welding has been
(96)proven , a detailed investigation of which should give 
valuable resu lts,
(5) The effect of partical size, interstitial content and 
compacting p ressure  on the kinetics of activation sintering.
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APPENDIX 
TABLE VI
Densification and Bending Strength results of Bromine Activation Tests'.
Sintering Density g/cc Bending Strength lbs/in^ x 1000
Temp. Time H2 H2 ♦ Br2 Unpolished Polished
°C (min) Atm. Atm.
H2 H + Br0 2 2,
H
2
H + Br« 
2 2
1200 15 10.14 10.10 — - -
1200 30 10.18 10.17 3.4 3.8 - -
1200 60 10.24 10.24 4.3 4*5 - -
1200 120 10.30 10.32 4.9 4.7 - -
1200 240 10.37 10.39 5.5 5.2 - -
1300 15 10.26 10.31 - - - -
1300 30 10.35 10.39 4.3 5.5 - -
1300 60 10.41 10.48 5.3 7.0 - -
1300 120 10.48 10.59 6.2 8.5 6.0 8.5
1300 240 10.59 10.72 8.3 10.8 8,0 11.3 i
1400 15 10.45 10.61 - - - -
1400 30 10.57 10.75 7.2 9.8 7.0 9.8
1400 60 10.70 10.91 8.5 11.9 - -
1400 120 10.85 11.10 10.5 14.4 10.4 16.5
1400 240 11.02 11.42 17.8 18.3
!__;..  . ...
12.4 19.6
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TABLE VI
i
j S in te r in g D ensity  g / c c 2Bending S trength  l b s / i n  x 1000
Temp. Time
‘ ' i
2 H2 + Br2
1
Unpolished j P o lish ed
°C. (min) Atm. Atm. H2 + Br>2 H2 H2 + Br2
1500 15 10.74 10 .81 - - — -
1500 30 10.92 10.99 1 2 .0 1 4 .0 1 2 .0 14 .3
1500 60 11.17 11 .30 15 .0 15 .0 14 .7 -
1500 120 11.47 11.65 18 .8 17 .8 1 9 .0 21.5
1500 240 11.83 12.07 23 .4 2 2 .1 2 3 .0 25 .5
1600 15 11.22 11.30 - - - -
1600 30 11.54 11.62 19 .4 2 1 .1 1 9 .1 2 2 .0
1600 60 12.06 12.17 25 .4 26 .3 2 5 .1 27 .0
1600 120 12 .50 12 .62 30.5 30 ,1 30 .2 31.9
1600 240 13.14 13 .31 38.5 37 .0 37.5 39.2
1700 15 12.05 12 .01 - - -
1700 30 12 .63 12 .64 32 .0 32 .2 - -
1700 60 13.40 13.38 4 0 .4 4 0 .0 - -
1700 120 14 .10 14.14 47 .2 47 .0 4 7 .0 47 .5
1700 240 15 .01 15.12 51.2 51 .4 - -
1200 0 10.00 9,98
1300 0 10.04 10.02
1400 0 10.12 10 .11
1500 0 10 .20 10.22
1600 0 10 .40 10,38
1700 0
____
10.64
------—
10 .67
........... . .!»■.!
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TABLE VII.
Oxygen Content of Sintered Tungsten
S in te r in g Oxygen p .p .m . (wt)
Temp. °C Time m ins. H2  Atm. + Br2  Atm.
1300 30
J
380 208
1300 240 350 153
1400 240 335 145
1480 30 370 200
1500 240 252 140
1550 30 240 180
1600 30 214 153
1600 240 170 107
1700 30 159 130
1700 240 120 85
1800 j 30 
!
120 120 !
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TABLE XI.
Shrinkage Data for various palladium concentration of ’pure* and 
thoriated tungsten sintered at a 1000 °C.•
W ¥ + ThOg
wt. % Time Ls AL/Lo Ls AL/Lo
Pd (min) (mm) (mm)
5 19.17 .00156 19 .1 8 .00101+
15 19.15 .00260 19.175 .00130
0.051+5 30 19.13 .00361* 19.155 .00235
60 19 .1 0 .0052 19.150 .00261
120 19 .06 .0073 19 .12 .00i+lU
2U0 1 9 .02 .009U 19.09 .00571*
5 19 .12 .001+ i k 19.155 .00235
15 19.07 .OO676 19.115 .001+1+2
0.109 30 19.03 .00885 1 9 .1 0 .00521
60 18.97 .0120 1 9 .0 6 .00730
120 18.87 .0172 18.99 .0109
2U0 18.73 , 021+5 18.91 .0151
5 19 .02 .0091+ 19.07 .OO676
15 18.87 .0172 19.00 .0101+
0 .218 30 18.77 .0221+ 18 .92 .011+6
60 18 .6 6 .0282 18 .8 1 .0203
120 18.38 .01+27 18.63 .0297
2l*0 17.98
[.......... .
[ .0635
i.
1 8.1+1+ .0396
?......f ,
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TABLE XI (conta.)
W W + ThOg
Wt, % Time Ls AL/Lo Ls AL/Lo
Pd (min) (mm) (mm).-
5 18.91 .0151 18.99 .0109
15 1 8 .71 .0255 18.83 .0193
0,317 30 1 8.1*8 .0371* 18 .6 6 .0282
60 18*18 .053 18.1*5 .0390
120 17.73 .0765 18.15 .051*7
2l*0 17.31 ,0985 17.71 .0776
5 1 8 .92 .011*6 1 8 .9 8 ,0115
15 18.71 .0255 18.83 .0193
0,1*35 30 18.51 .0360 1 8 .6 6 .0282
60 1 8 .2 0 .0521 18.1*7 .0380
120 17 .8 0 .073 1 8 .12 .0562
2**0 17.32 .0980 17.71 .0776
5 18.93 .011*05 1 9 .00 .0104
15 18 .72 .0250 1 8.81* .0187
0 ,872 30 18.53 .031*9 I8 .7I* ,021*0
60 18.25 .01*95 18.1*9 .0369
120 17.87 .0693 1 8 .17 .0537
2k0 17.35 .0961* 17.81* ,0708
5 18.95 .0130 , 1 9 .0 0 .0101*
15 18.75 .0231* 1 8 .82 .0171*
1.31 30 18 .56 .0331* 1 8.7I* .021*5
60 1 8 .3 0 .01*68 1 8 .52 .0351+
120 17.90 .0678 1 8 .2 6 .01*89
2l*0 17.1*0
i
.0937 1 8 .8 1 .0721*
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TABLE XI (contd.)
w W + Tho
........“ 1
2
Wt. % Time Ls AL/Lo Ls AL/Lo
Pd (min) (mm) (mm)
5 18.96 .0125 19 .01 .0099
15 18.77 .022*+ 18.89 .0161
1.75 30 18.57 .0328 18.75 .0231*
60 18.33 .0^52 18.55 .0338
120 17.92 .0666 18 .28 .01+79
\
2k0
\
i
17.^3 .0922 17.87 .0693
TABLE Xll.
Shrinkage data for various nickel concentration of ’pure* and thoriated 
tungsten sintered at a 1000°C.
—  --- ---- - ----- -—
W W + Tho^
Wt , % Time Ls AL/Lo Ls AL/Lo
Ni (min) (mm) (mm)
5 19.18J .00078 19.19i .00026
15 1 9 .18 .0010k 19.19 .00052
0 .005k 30 19.17! .00130 1 9.l8 i .00078
60 19.17 .00156 19 .18 ,0010k
120 1 9 .16 .00210 19.172 .00130
2k0 19.15 .00260 19.165 .00182
5 19.17 .00156 19.185 .00078
15 19.16! .00182 19.172 .00130
0 .0108 30 19.15 .00260 19.17 .00156
60 19.1** .00313 1 9 .1 6 .00209
120 19.12 ,00kl6 19.lki ,00286
2k0 19 .1 0 .00520 19.13 .00365
5 19.15 .00260 19.l6i .00182
15 19 .12 ,00kl6 19.lkJ ,00286
0 .0216 30 ! 1 9 .10 .00520 19.135 .00339
60 1 9 .06 ,00730 19.1li .00kk3
120 : 19.03 ,00885 1 9 .0 8 .00625
2k0 ; 1 9 .0 0 ,010k 1 9.0k .00833
:_____ __ L ______ _u______ _ _
i
TABLE, Xll (contd.)
r
W t .  %
W W + Tho2
Time Ls AL/Lo Ls AL/Lo
(min) (mm) (mm)
5 1 9 .1 0 .0052 19.13J .00339
15 19 .06 .0073 19.10 .00521
30 19 .02 .009)4 19 .06 .00730
60 18 .96 .0125 19.03 .00885
120 1 8.81* .0188 18.95 .0130
2l*0 1 8 .7 0 .0260 18 .8 6 .0177
5 19.07 .0067 19.11J .001*1*3
15 18.97 .0120 19.05 .00782
30 18.91 .0151 19 .0 0 ,010k
60 18.77 ,022k 18.95 .0130
120 1 8 .60 .0313 18 .82 .0198
21*0 1 8,1*1 .0)411 18.67 .0276
5 19.0)4 .0083 1 9 .0 8 .00626
15 1 8 .96 .0125 18 .98 .01095
30 1 8 .80 .0210 1 8.9)4 .0135
60 18.63 .0297 1 8 .8 6 .0177
120 1 8, 1*1 .01*11 18.67 .0276
2l*0 1 8 .1 0 .057^ 1 8.1*9 .0370
5 1 9 .00 .010)4 19.05 .00778
15 18.87 .0172 18.95 .0130
30 18.70 .0260 1 8.81* .0188
60 18.53 • 0 u> vn O 18.77 ,022k
120 18 .1 8 .0530 1 8 .5 6 .0333
2b0 17.73 .0765 l8 .ll* .0551
0.01*32
o.o6i*8
0 .0865
0.108
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TABLE Xll (contd.)
W W + Tho^
Wt. % Time Ls AL/Lo Ls AL/Lo
Ni (min) (12m) (mm)
5 1 8 .96 .0125 19.03 .0885
15 18. TT .0221* 18.90 .0156
0 .1 3 0 30 1 8 .6 0 .0313 18.77 ,022k
60 18 .38 .01*27 18.65 .0287
120 17.98 .0635 18 .36 .01*37
2l*0 17.52 .0875 1 8.0i* .0601*
5 18 .9 8 .0111* 19.05 .00782
15 18.77 .0221* 18.93 .011*1
0 .1 6 2 30 18 .6 6 .0282 18.77 .0221*
60 1 8.1*0 .01*17 18.65 .0287
120 17.98 .0635 18 .3 6 .01*37
21*0 17.52 .0875 18.07 .0588
5 1 9 .0 0 .0101* 19.05 .00782
15 1 8.81* .0188 18.91* .0135
0 .2 1 6 30 18 .7 0 .0260 1 8 .8 1 .0203
60 1 8.1*1 .01*11 18.67 .0276
120 1 8 .01 .0620 1 8.1*2 .01*06
2U0 17.59 .081*0 18.07 .0588
5 19.03 .0088 19 .0 8 .00625
15 18.87 .0172 1 8 .9 6 .0125
0 .U32 30 18.73 .021*5 1 8 .8 6 .0177
60 18.53 .0350 18.71 .0255
120 18 .1 0 .0571* 1 8.1*1* .0396
0-=*•CM 17 .6 2
I #° 825
l8 .2l*
\_____________
.0500
 nniMririlir»m««i«anratir.nnMnnnnn»mW™tmMimfM«M™M»_______        ,__  _....,_____ ____ ____
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TABLE Xll (contd.)
W W + Tho2
Wt. % Time Ls AL/Lo Ls AL/Lo
Ni (min) (mm) (mm)
5 19 .0 6 .0073 19 .10 .0520
15 1 8.9U .0135 19 .0 1 .0989
0.865 30 1 8 .8 0 .0209 1 8 .9 0 .0156
60 18.53 .0350 1 8.7U .021+0
120 1 8 ,1 8 .0531 1 8 .5 0 .036U
..................................
2U0 17.70
k . .... - ......-  _
.0782 18.25 .01+95
-
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TABLE Xlll.
Shrinkage data for optimum palladium activation of 'pure* and thoriated 
tungsten sintered in the temperature range 850° - 1100°C.
Temp,
°C
Time
(min)
pa - w Pd - W -Tho 2
L (mm) AL/Lo L (mm) AL/Lo
5 19.1*+ ,00331 19 .16 .0020
15 19.09 .00568 19.13 .0035
850 30 1 9.01* .00832 19.102 .001+92
60 18.95 .0112 19.062 .00692
120 18.90 .0158 19 .0 1 .0100
2h0 18.782 .0216 1 8.91+ .0135
5 19.093 0OO5I+9 19.122 .00389
15 19 .0 1 ,00986 19.07 .00662
900 30 18.93 .011+1 19 .0 1 .0098
60 18.832 .0190 18.91+2 .0133
120 18.662 .0278 18.822 .0195
2*10 1 8.UU2 .0391* 18 .68 .0272
5 19 .02 .0095 19.07 .00692
15 18.87 .0172 18.97 .0120
950 30 18.75 .0231+ 18 .8 8 .0166
60 18.562 .0331 18 .7 2 .0251
120 18,29 .01+71+ 18.522 .0351
f...... - ......................................... - ........ —
1 2b0 17.90
.
,0665 1 8 .2 8 .01+79
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TABLE Xlll (contd,)
Temp.
°C
Time
(min)
Pd 
L (mm)
-  w
&/Lo
Pd -
L (mm)
aT - Tho0 
AL/Lo
5 18.91 .0152 18.98! .0112
15 18.69 .0 2 65 18.83 .0193
1000 30 18.48-| .0372 18 .6 2 .0275
60 18.18| .0528 18.47 .0381
120 17.78 .0742 18.15 .0547
240 17.30 .0988 18.04 .0603
5 18.72! .0248 18.84 .0186
15 18.35 .0442 18.561 *0331
1050 30 18.01 .0617 18.38! .0425 '
60 17.55 .0860 17 .93 .0662
120 16.97 .116 17 .49 .0890
240 16.64 .133 16.91 .119
5 18.4-7 .0380 18 .65 .0287
15 17.90 .0680 18.23! .0501
1100 30 17.37 : .0955 17.87 .0692
60 16.64- *133 17 .28 .100
120 16.44 .144 1 6 .70 .130
240 16 .28 .152
1........................... ............
16 .50 .141
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TABLE X H Ia .
Volume parameter data fo r  palladium  a c t iv a t io n  o f  tu n g ste n .
Pd - W
Temp. Time S in tered Volume
°C (min) VolumeVs
Parameter
V
5 .262 .087
15 .254 .168
850 30 .248 .237
50 .242 .316
1 2 0 .233 .453
24-0 .223 ,645
5 .245 ,168
15 .244 .288
900 30 .237 .389
60 .228 .543
1 2 0 .215 .839
240 .205 1 .15
5 .245 .276
15 .230 .506
950 30 ; .223 .645
60 . 2 1 1 .954
1 2 0 .199 ! 1 .4 0
240 .190 j 1 ,9 0
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TABLE Xllla (Contd,)
Pd - w
Temp
o
Time S in tered Volume
C (min) Volume
Vs
Parameter
V
5 .237 .422
15 .217 .785
1 0 0 0 30 .209 1 . 0 1
6 0 .197 1 .5 0
1 2 0 .188 2 .04
240 .179 2 .9 0
5 .226 *581
15 .209 KOI
1050 30 .197 1 .5 0
60 .188 2 .04
1 2 0 .179 2 .9 0
240 .172
\L.
4 .0 0
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TABLE XIV.
Shrinkage data fo r  optimum n ic k e l  a c t iv a t io n  o f  ^ u re*  and th o r ia t e d
o o
tu n g sten  s in te r e d  in  th e  temperature range 8 5 O -  1200 C.
Temp.
0
C
Time
(min)
M  -
L (mm)
¥
^ / L o
Ni -  ¥  
L (mm)
-  Tho 
^■/Lo
5 19.18! .00078 19.19! .00026
15 19 *17 .00156 19.18! .00078
85O 30 19 .16 .00208 19.18 .0010**
60 19.13s ,003^0 19.17 .00156
120 19 .1 0 .00520 19*16 .00209
2^0 19.05 .00780 19.13! .00339
5 19.15 .00260 19.17! .00130
15 19.10! ,00^9^ 19.15! .00235
900 30 19 .0 6 000729 19.1*+ .00313
60 18.995 .0107 19.10 .00520
120 18,87! .0169 19.05 .00781
2U0 18,73 .02^5 18.99
u-.,-------
.011*15
TABLE XIV (contd.)
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Temp,
0
C
Time
(min)
Mi - 
L (mm)
w
41/Lo
Ni - V 
L (mm)
- Tho
2
&VLo
5 19*08 0OO625 19*12 .001*16
15 18*97 .0120 19.05 .00781
950 30 18*87§ .0169 18.982 ,0112
60 18 *68 .0271 18 .9 0 .0156
120 1 8.1*7 .0380 18.73 .021*5
2k0 1 8. Ik .0552 18.51 *0359
5 18.97 .0120 19.03 ,00886
15 18 .78 .0219 18.91 .0151
1000 30 18 .6 2 .0302 18.79 .0211*
60 18 .3 2 .OU58 18 .62 .0302
120 18 .05 *0599 18.1*2 .01*08
2k0 17*57 .0850 17.99 ,0631
5 1 8.81* ,0188 18,93s .0138
15 18*57 .0328 18,75 ,0231*
1050 30 18 .32 .01*58 1 8 .58 .0323
60 17*93 .0660 18 ,3 0 ,01*68
120 17.1*5 .0912 17.93 .0661
2l*0 16.9^
1........ .......................... —  —
,118 | 17.53 .0870
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TABLE XIV (contd.)
Temp • 
0
C
Time
(min)
Hi
L (mm)
-  w
% L o
Ni - W 
L (mm)
- Tho 
&L/Lo
5 18.67 .0276 18 .82 .0198
15 1 8 .2 8 .01+79 18.53 .031+9
1100 30 17.93 .0662 18.27 .01+79
60 17. Ul .0933 17.87 .0692
120 17.05 .112 17.37 .0951+
2l+0 16 .66 .132 17.05 *112
5 18.1+7 .0380 1 8.61+ .0292
15 17.95 .0651 18.23 .0505
1150 30 17.1*5 .0912 17.87 .0693
60 17.11 .109 17.31+ ,0968
120 1 6.8U .123 17 .0 1 .111*
2b0 16,1+9 .11+1 1 6 .7 0 .130
5 17 .8 0 .073 1 8.1+2 • 0 r—
»
0 ON
15 17.58 • 0 00 4=
-
17.81+ .0708
1200 30 17.05 .112 17.36 .0960
60 16 ,89 .1 2 0 17.05 .112
120 1 6,61+ .133 1 6 .7 6 .127
2l+0 1 6,1+0 ,11+6
_______________
16.55
1
,138
TABLE XlVa
Volume parameter data for nickel activation of tungsten,
N/t — W
Temp,
°C
Time
(min)
Sintered
Volume
Vs
Volume
Parameter
V
5 .268 .033
15 .264 .067
850 30 .262 .087
60 .258 .126
120 .253 .179
240 *245 .276
5 ,263 .077
15 .256 .147
900 30 ,251 .202
60 .245 .276
120 .236 .405
240 ,223 .645
5 .253 .179
15 .243 .302
950 30 .235 .421
60 .225 .602
120 .215 .839
240 .205 1.15
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TABLE XlVa (contd.)
Ni - W
Temp
o
C
Time
(min)
Sintered
Volume
Vs
Volume
Parameter
V
5 .243 .302
15 .230 .506
1000 30 .219 .735
60 .206 1 ,1 0
120 .198 1.45
240 .188 2.04
5 .233 .453
15 .216 *812
1050 30 .205 1.15
60 .196 1.55
120 .185 2.29
240 .177 3.16
5 .219 .735
15 .203 1.23
1100 30 .193 1.72
60 .183 2.47
120 .175 3.46
240 | .170
t■i....... ................ ..............
4.43
TABLE XlVa (contd»)
Ni - W
Temp
o
C
Time
(min)
Sintered
Volume
Vs
Volume
Parameter
V
5 .206 1 .1 0
15 .193 1.72
1150 30 .182 2.57
60 .175 3.46
120 .170 4.43
240 .167 5.26
5 .196 1.55
15 .184 2.38
1200 30 .175 3.46
60 .170 4.43
120* .168 4.95
240 .165 5.95
1.............. - ...................................................................................
TABLE XVII.
Results of hot compression ductility tests of 
Tungsten sintered at 1400 °C for 4 hours in E2 
and E2 + Br2 atmosphere.
Sintering Atm. H2 H2 + Br2
Testing Temp. °C % Reduction in length
200 0 0
300 0 1.7
350 - 6.3
400 1 .2 -
450 6 .1 20.5
500 6.9 25.0
600 10.4 24.1
\A.— — . — ■■...— .. —
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TABLE XV111.
Bending s tren g th  data fo r  various  n ic k e l  co n cen tra tion  o f  ’pure* and 
th o r ia te d  tu n gsten  s in te r e d  a t  a 1000 °C fo r  20 hours.
Ni - W Ni - W - ThOp
Wt. % Density Bending Strength Density Bending Strength
Ni g/cc x 10 3 lbs/in 2 g/cc x 10 3 lbs/in 2
0 .0216 12.19 2 3 .8 11.78 1 9 .6
0.01*32
00•H 1*0 .2 12.69 27.9
0.0865 l6 *l6 5 6 .2 ll.60 3 8 .0
0 .1 3 0 16.95 6 5 .0 15.71* 1*1.9
0 .1 6 2 1 6.81* 6 3 .8 15.53 1*1 .1
0 .216 16 .5 8 63.3 15.30 1*0 .2
0.1*32 16.50 6 0 .1 15.56 1*1.5
0.865 16 .2 8 59.2 15.31 39.1*
!
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TABLE XIX,
Bending s tren g th  data fo r  var ious  palladium  co n cen tra tion  o f  ’pure* 
and th o r ia te d  tu n gsten  s in te r e d  a t  a 1000 °C fo r  20 hours.
Pd -  W Pd -  W -  ThOp
w t. % D en sity Bending Strength D en sity Bending Strength
Pd g /c c x 10 3 l b s / i n  ^ g /c c x 10 3 l b s / i n  2
0.109 13 .61 25.1 12 .8 0 1 7 .0
0 .218 16.55 55.0 1U.7U 32.9
0.317 17.90 71*2 16.63 39.8
0.1*35 17.85 68.7 1 6.1*6 39.5
0 .872 17.73 67.9 16.39 1*0.5
1.31 1 7.1*8 6 8 .3 16.27 1*0 .1
1.75 17 .26 6 6 .8 16 .18 39.1+
_______ ___
zzh '
TABLE XX.
Bending strength data of nickel activated ( 0.13 Wt. % Ni ) ‘pure1 and 
thoriated tungsten sintered for 20 hours.
Sintering
Temp*
°C
Density
g/cc
Hi - W
Bending Strength 
x 10 3 lbs/in 2
Ni
Density | 
g/cc
- W - Tho2
Bending Strength 
x 10 3 lbs/in 2
850 11.89 1 8 .2 11 .1 8 12.3
900 13.73 U7 .8 1 2 .1 0 26.7
1000 16 .95 6 5 .0 15.7*+ Ul*9
1100 17 .15 68.9 1 6 .66 U7 .0
1200 1 7 .63 70,3 17-38 U8.7
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TABLE XXI.
Bending strength data of palladium activated ( 0.317 Wt. % Pd ) ’pure* 
and thoriated tungstem sintered for 20 hours.
Sintering
Temp • 
°C
Pd -
Density
g/cc
W
Bending Strength 
x 10 3 lbs/in ^
Pd ■
Density
g/cc
- W - Tho2
Bending Strength
3 /. 2 x 10 lbs/m
850 13^9 17.1 1 2 .6 3 10.9
900 lU.82 1*5.8 1U .00 2 3 .0
1000 17.90 71.2 16.63 39.8
1100 18 .02 78.0 17.35 51.1
1200 
i , _ _ .....
18.15 
L _  - , .
8 0 .6
1
I
1 7 .}*6
1
56,3
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TABLE XXI1,
Bending test results at 1000 °C of palladium activation 
sintered and homogenised specimens#
Homogenising Bend Angle
Time (h) Temp# (°C) Pd + ¥ Pd + ¥ + ThOg
1 1500 0 0
1 1800 0 o
1 2000 3.0, k . 5 1.1, 1.7
i 2200 5 .0 , 5.5 2.0 , 2.3
i 2*100 ^.2 , 5.0 2 .8 , 3 .0
i 1500 0 -
12 1800 0 -
1
2 2000 1.5 -
12 2200 2 .6 -
1
2 2*100 3.7 -
1
2 i 2500 3.7
:
.............. i
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TABLE XXXI
The e f f e c t  o f  a c t iv a t o r  com position  on th e  d e n s i f i c a t i o n  o f  tu n g ste n ,  
s in te r e d  f o r  20 hours a t  1000°C.
wt.
%
A ctivate
At.
9-"O
r  Compos
Wt.
%
i t i o n
At.
%
D ensity
g /c c
Ds
D e n s i f ic a t io n
Parameter
D - D  s o
D - D  m o
N ick e l  -  Manganese
0 0 100 100 10.75 0 .0391
10 9 .4 90 90 .6 10.84 0.0494
20 19 .0 80 81 .0 10.93 0.0596
30 28 .8 70 71 .2 11 .81 0.1584
40 38.5 60 61.5 13.36 0.3303
50 4 8 .4 50 51 .6 14.87 0.5022
60 58.5 40 41 .5 15.65 0.5899
70 68 .6 30 31 .4 15.99 0,6281
80 78*9 20 21*1 16 .20 0 .6517
90 89 .4 10 10 .6 16.48 0 .6831
100 100 0 0 17.05 0.7472
N ic k e l -  Palladium
0 0 100 100 17 .91 0.8438
15 24 .3 85 75,7 18 .01 0,8551
30 43 .3 70 5 6 .7 18.08 0,8629
50 64.5 50 35.5 18.09 0.8640
70 80 .9 30 1 9 .1 17.87 0,8393
85 91 .2 15 8 .8 17.45 0.7921
100 100 0 0 17.07 0.7494
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TABLE XXXI (cont.)
A
Wt.
9-"6
c t iv a t o r  Composition  
At. { Wt. J At.
a  1 o. | a  'b j 'b I i>
_ _ _ _ _ J _ _ _
D ensity
g /c c
Ds
D e n s i f ic a t io n
Parameter
D - D  s o
D - D  m o
N ic k e l  -  Copper
0 0 100 100 10.63 0.0258
10 10 .7 90 89 .3 10.82 0.0472
20 21 .6 80 78 .4 11.03 0.0708
30 31.7 70 68.3 12.15 0.1966
i+0 41 .9 60 5 8 .1 14.06 0 .4112
50 52 .0 50 4 8 .0 15.63 0.5876
60 61.3 40 38.7 16.14 0.6449
70 71 .6 30 28 .4 16 .50 0.6854
80 81 .3 20 18 .7 16.72 0 .7101
90 90 .7 10 9 .3 16.87 0.7270
100 lo o 0 0 17 ,06 0.7483
N ick e l -  Iron
0 0 100 100 11.28 0.0988
10 9 .8 90 90 .2 14.09 0 .4146
20 19.2 80 90 ,8 15.88 0.6157
40 38 .8 60 61.2 17.02 0 .7438
60 58 .8 40 4 1 .2 17 .21 0,7652
75 73 .6 25 26 .4 17 .14 0.7573
90 89 .6 10 10 .4 17.09 0.7517
100 100 0
0
17.03 0.7449  |
:
....... ......... ............ .. .......
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TABLE XXXI (cont.)
A
Wt.
%
c t iv a to r
At.
9-"O
Compos i-
Wt.
%
tio n
At.
%
D ensity
g /c c
Ds
D e n s i f ic a t io n
Parameter
D - D  s o
D - D  m o
N ick e l  - Cobalt
0 0 100 100 11.48 0.1213
10 10.05 90 89.95 11.53 0 .1270
25 25 .1 75 74 .9 13.25 0.3202
i+0 4 0 .1 60 59 .9 15.87 0.6146
60 60 .1 40 39 ,9 17 .04 0 .7461
80 80.05 20 19.95 17,05 0.7472
100 100 0 o 17.05 0.7472
CD p per - Cobalt
i
50 4 8 ,1 50 I 51 .9
L _ _ _  .
11.78 0 .1551
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TABLE XXX11.
The Effect of Sintering Temperature on Densification of Tungsten Compacts 
containing 0.13 wt. % of Cu, Ei, Co, Fe9 or Mn. Sintered for 20 hours0
Sintering
Temperature
o
C
Activator
Element
Density
Ds
g/cc
Density Parameter 
Ds - Do 
Dm - Do
none 1 0. 1+9 .0101
Cu 10.53 .011+6
900 Hi 13.71 .3720
Co 1 0.6k .0270
Fe 10 .6 1 .0236
Mn 1 0.5*+ .0157
none 1 0 .58 .0202
Cu 10.63 .0258
1000 Ei 17.01+ . 7U6l
Co 1 1.1+8 .1213
Fe 1 1 .28 .0988
Mn 10.75 .0391
j
TAfeLE XXX11 (contd,)
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Sintering
Temperature
0
C
Activator
Element
Density
Ds
g/cc
Density Parameter 
Ds - Do 
Dm - Do
none 1 0.T2 .0359
Cu 10.81* .0l*9l*
1100 Ni 17.15 .758
Co 13.1*6 .31*1*
Fe ll*.82 .1*97
Mn 11 .1 0 .0786
none 10 .70 .0562
Cu 1 1.1*1 .1135
1200 Hi 17.63 .812
Co 1 5 .8 0 .606
Fe 17*09 .752
Mn 11.55 .1293
none 11 .32 • 0 00 H
Cu , 12 .26 .209
1300 Hi 17.78 .830
Co ll*.96 .513
Fe 1 6. ll* .61+5
i— - - ---------------- - • ---
Mn 12.15 .197
